CFTRI-MYSORE 


pV 








a 


a 


e 4 


eh ees 














TOOLS OF BIOLOGICAL RESEARCH 





OOS 
PE DrOLOGICAEL 
RESEARCH 


Edited by 
HEDLEY J. B. ATKINS 


D.M., M.Ch. Oxf., F.R.C.S. Eng., Hon. F.A.C.S. 


Director of the Department of Surgery, Guy's Hospital 
Dean of the Institute of Basic Medical Sciences 


With an Introduction by 
SIR CYRIL HINSHELWOOD 


P.R.S. 


BLACKWELL 
SCIENTIFIC PUBLICATIONS 
OXFORD 


Sb LS 


© Blackwell Scientific Publications Ltd., 1959 


This book is copyright. It may not be reproduced by any means in whole or in part without 
permission. Application with regard to copyright should be addressed to the publishers. 


Published simultaneously in the United States of America by Charles C Thomas, Publisher, 
301-327 East Lawrence Avenue, Springfield, Illinois. 


Published simultaneously in Canada by the Ryerson Press, Queen Street West, Toronto 2. 


FIRST PUBLISHED 1959 


ave See N54 


te OO re Rtess 


WAL a 
Aine LOGKOAL ‘ Nk, 
ie & 
; ei 
c tc? ¥ OP $5 
> i meny S32 
= 4 
(suo lu“ 
SS ® ¥ ¢ ZA 
a 


* 
* ea 
> ae, - eee 
te pss Gi wr 


PRINTED IN GREAT BRITAIN BY ADLARD & SON, LTD 
BARTHOLOMEW PRESS, DORKING 
AND BOUND BY THE KEMP HALL BINDERY, OXFORD 


CFTRI-MYSOR 


AMT wil 
116 


Tools of biologi. 




















CONTENTS 


I. Eprror’s PREFACE . 


Il. INTRODUCTORY ADDRESS 
Sir Cyril Hinshelwood 
President of the Royal Society, Dr. ee s Pegs oF Chemistry, 
University of Oxford. 


Il. THe DeEsIGN OF EXPERIMENTS 
Peter Armitage, Ph.D. 
Statistical Research Unit of the Medical Recah Coral 
London School of Hygiene and Tropical Medicine. 


IV. FLAME PHOTOMETRY 
/ Professor R. H. S. Thompson, M.A., D.M., Director, and 
R. W. Baker, M.A., Ph.D. . : ; : 
Department of Chemica! Pathology, Guy’s eae 


V. ELECTROMANOMETRY 
J. P. Shillingford, M.D., M.R.C.P. : 
Physician and Lecturer in Medicine, Hammersmith Postal 
and Post Graduate Medical School. Member of the eee 
Staff of the Medical Research Council. 


VI. Tissuz CULTURE 
Honor B. Fell, D.Sc., F.R.S. 
Director of the Strangeways Resarch Reborn, Cambridge. 
’ 
VII. TissuE TRANSPLANTATION 
L. Brent, Ph.D. 
Department of Zoology, University College; London. 


Villy ELECTRON MICROSCOPY 
J. David Robertson, Ph.D., B.S., M.D. 
Department of Anatomy, University College, Pulaa: 


Vil 


Page 


ix 


Xill 


il: 


26 


41 


$7 


72 


Vill 


IX. 


X. 


XI. 


XI. 


TOOLS OF BIOLOGICAL RESEARCH 


Page 
WEIGHING CELLS WITH THE MICROSCOPE; SOME ASPECTS OF 
PHASE CONTRAST AND INTERFERENCE MICROSCOPY 
RR. Barer, M.C.. MiB Bese , rae 
Department of Human Anatomy, Cee of Oxford. 


ELECTROPHORESIS 
Professor N. H. Martin, M.R.C.P. : 144 
Director of the Department of Chemical Dytholeae St. Gane s 
Hospital. 


IMAGE INTENSIFICATION 
B. Combée, Phys. Drs. and P. J. M. Botden, Phys. Drs. 154 
X-ray Developments Laboratory, Messrs. N. V. Philips, 
Gloeilampenfabrieken, Eindhoven, Holland. 


Mass SPECTROMETRY 
P. Hugh-Jones, M.D., F.R.C.P. . : 160 
Physician and oe in Medicine, Fansherone Howpial 
and Post Graduate Medical School. Member of the External 
Staff of the Medical Research Council. 


EDITOR’S PREFACE 


In 1956, largely due to the enterprise of Mr. D. H. Patey, Director of 
the Department of Surgery at the Middlesex Hospital, the Surgical 
Research Society was founded. This Society invites surgeons who are 
interested in research to become members. It meets twice a year in one 
or other of the big teaching and research centres of the British Isles and 
there, in an informal atmosphere, research projects are discussed and 
papers are read by members or invited guests describing research which 
is in progress and which, for the most part, has not yet reached a stage 
when it could be published. In this way the members of the Society are 
kept aware of the surgical research which is going on all over the country, 
and it is believed that a free discussion often at an early stage in his work, 
gives the research worker an opportunity of defining his aims precisely 
and submitting them to a highly critical though friendly and encouraging 
audience. 

During these meetings some of the senior members of the Society 
found that they were unfamiliar with many of the tools which were 
being used in these various research projects. Some of them had been 
developed fairly recently and, although we had a vague idea of the physical 
principles upon which they operated, we felt that we should understand 
the work better if we knew about those principles more precisely, and 
if we could be informed of the limitations of these tools. I thought, 
therefore, that it would be helpful if I organized a symposium, which 
was eventually held at Guy’s Hospital on roth and 11th October 1958, 
where experts in their respective fields would describe such tools. Each 
paper was to take about forty minutes and there was to be twenty minutes 
for questions and discussion. The first thing was to select which of the 
many subjects available would be suitable, and this was done by making a 
list of about twenty topics from which the members of the Society were 
asked to choose the ten which they considered would stimulate the most 
valuable discussion. 

Inevitably many interesting subjects had to be discarded, perhaps to 
be dealt with in a later symposium, but the ten which are included here 
gained the most votes. It could not be guaranteed that the ten subjects 
chosen would be the ones eventually discussed, because I did not know 
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at the time whether it would be possible to cajole the various experts 
into helping us in this way, and the choice might have to be modified 
according to who was available to talk. I need not have worried. Most 
of those to whom I wrote responded at once to say that they would be 
willing to contribute. A few, who were abroad or otherwise engaged at 
the time when the conference was to be held, suggested a member of 
their team who had been especially concerned with the ‘tool’ in question, 
and who was equally well qualified as they were themselves, to talk about 
it. Thus my list of speakers was rapidly completed. 

As soon as rumours of this conference got round, it became apparent 
that many people, other than members of the Surgical Research Society, 
were eager to attend, and the audience grew to the fullest capacity which 
our accommodation would allow. In order therefore to console those 
who wished to attend but for whom there was no room, to constitute 
a permanent record for those who did attend; and perhaps to interest and 
stimulate others further afield, I mentioned to Mr Per Saugman of 
Blackwell Scientific Publications Ltd. that it might be valuable to publish 
the papers delivered at the symposium in book form. He readily agreed, 
and I am most grateful to him for all the co-operation which I have 
received at his hands. In matters connected with the number of illustra- 
tions and lay-out he has done his best to accede to the wishes of the 
authors often, it is to be feared, at the expense of what in any event would 
be likely to be a slender profit to his firm. 

It has been a pleasure to get to know the distinguished scientists who 
have written the chapters. I believe that their kindness in coming down 
to the level of their audience and explaining complicated matters in a 
simple way must have been difficult for them. I am sure, however, that 
this will be repaid immeasurably by the heightened interest which their 
discourses will have occasioned, and by the stimulus to research which 
a greater familiarity with some of the available tools will have 
created. 

Lastly, I wanted someone to open the proceedings and to write an 
introduction to this collection of papers. Many years ago as an under- 
graduate at Oxford, I had been tutored in organic chemistry by a young 
don who had, while still in his twenties, just been elected a Fellow of the 
Royal Society. I am afraid I cannot remember much of the organic 
chemistry which he taught me, but I can remember vividly and with 
nostalgic affection the many hours spent walking on Sunday afternoons, 
or sitting in his room after ‘hall’, when he would devote his time to 
talking to an ignorant undergraduate about—well, about science perhaps 
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principally, but also about philosophy, art and any subject which this 
invigorating person would discuss so engagingly. 

I wondered then, whether this young don, now thirty years older, but 
still in so many ways a young don, would agree to help me in this project, 
and so add to the debt which I already owed to him. To my delight he 
agreed, and so the symposium was launched with an introductory address 
by Sir Cyril Hinshelwood, President of the Royal Society, and this 
volume is graced by that introduction. 

I am grateful to the Governors of Guy’s Hospital for entertaining the 
delegates to the symposium, to the Medical School for allowing me to 
hold it within its precincts, and particularly to my colleagues in the 
Surgical Research Society who have shown such enthusiasm for this 
project. 


HEDLEY ATKINS 
Guy’s Hospital, 
1959. 





INTRODUCTION 


Sir Cyrit HINSHELWOOD 


President of the Royal Society 


Research has both its strategy and its tactics, and a proper appreciation 
of their interplay is as essential in science as in war. Nature indeed, for all 
her beneficence to those she favours, counters the intruder sometimes with 
a well nigh impregnable static defence, sometimes with the subtlest of 
guerilla actions. The kind of strategy employed is a function of the tactical 
methods and the weapons available, a doctrine obvious in principle but 
often difficult to implement in practice as is witnessed by the recurring 
complaint that generals always try to fight the last war. The most successful 
and economical campaign is the one which makes full use of the newest 
potentialities in technique, neither neglecting them, overstraining them, 
nor, equally important, supposing that they can by themselves contribute 
much except within the framework of the well conceived and executed 
master plan. 

The danger that the technique and the instrumentation may assume 
exaggerated importance and become ends in themselves is a real one. A 
large industrial organization, I am told, procured a lot of fine and costly 
infra-red apparatus and a bevy of young ladies took spectra of everything 
that they could lay their hands on. A visitor asked: “What do you do 
with the spectra when you have got them’, and was proudly told “We 
file them. Would you like to see our special filing system. It has some 
novel features.’ When he had finished smiling gently the visitor should 
have reflected that infra-red equipment and filing systems are nevertheless 
things which would at any moment enable that organization to achieve 
results impossible without them. 

As misdirected at the other end of the scale would be the researcher 
who to-day embarked upon a study of protein composition without 
employing the modern techniques of chromatography. If to these he adds 
electrophoresis, the ultracentrifuge and isotopic tracers he can plan in- 
vestigations which a generation ago would have been unthinkable. 

Wonderful new methods have been developed. Strategically it is now 
possible to envisage plans involving in their course the reduction of 
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strongholds which were once impregnable. Optics, electronics and radio- 
chemistry all provide tools for the biologist. How is he to use them? 

Here a problem of some complexity is presented. Elaboration, often 
sheer difficulty and almost invariably cost tend to enforce a considerable 
degree of specialization on the individual and even to some extent upon 
the whole laboratory in which he works. This will either restrict the 
strategic conception of the research, or compel its execution with less than 
the best tactical means, unless a quite important degree of co-operation 
between different units is called into being. The whole art of team work 
and co-operation itself presents quite a difficult problem in human rela- 
tions the study of which I should have thought is now indispensable. It 
would take me too far afield to discuss it now but one aspect of it at least 
is very relevant to the present occasion. An individual worker may be 
something of a specialist in the actual handling of one group of instruments 
or methods, but he should not be a specialist in his thinking and his know- 
ledge. For the intelligent conception of research an appreciation of the 
potentialities of all methods is desirable. Therefore the researcher should 
know at least the broad outlines of all the latest available techniques, 
and the more he is called upon to direct the work of others the more 
important it is that he should keep up to date his appreciation of what is 
possible, so as to postpone as long as may be the ever present tendency 
to ‘fight the last war’. 

The problem may seem particularly formidable to the biologist, in that 
so many of the newer tools are based upon highly complicated physical 
apparatus. Yet here he may find consolation. The chemist is in much the 
same boat, and so often enough is the physicist himself unless he happens 
to be an expert electronic technician. Should we all become electronic 
technicians? If and when biologists prolong the allotted span to at least 
double the present length that may be desirable. As things are it simply 
cannot be done. The expert must be depended on, and the associated 
problems in human relations must be faced. Hence the growth of the 
team. 

But was not the outstanding military effectiveness of one of the most 
successful generals in the Second World War justly attributed in large 
measure to the endless care that he took in ensuring that all members of 
his team understood the overall plan and the relation to it of their own 
parts? That, as I see it, illustrates one very important aspect of the confer- 
ence which is now being held. I remember once hearing a mathematician 
with theoretical ideas about protein structure complaining of the in- 
competence of organic chemists who were unable to synthesize certain 
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materials which might have been useful in the verification of his specu- 
lations. To the organic chemists the requirements of this mathematician 
were simply ludicrous, transcending all the possibilities of the techniques 
at their disposal. Had the mathematician understood more of what could 
be expected a more fruitful collaboration might have resulted. 

To neglect modern techniques is to condemn oneself to amateurism and 
even to frustration. To be the slave of technique may be to work a tread- 
mill blindfold. All said and done, the major tool of research will always 
be the human brain. We now know more about this tool than we once 
did, and a consideration of its mode of operation suggests some helpful 
principles. In certain ways, though the parallels must not be exaggerated, 
it offers analogies with electronic computing machines, and, in particular 
depends for some purposes, as they do, upon the storage of comparison 
patterns. These vary in complexity and in the ease with which they are 
re-evoked: they arise in infinitely varied sequences and combinations, and 
many facts, including the often surprising content of dreams, testify to 
the subtlety of the mechanisms by which the bringing out and the re- 
sorting of these patterns occurs. 

As is well known, problems are solved, hypotheses formulated, and 
good ideas are born largely in the subconscious, and the richer the material 
on which it can play the more likely is the emergence of original and 
inspired thought. The filling of the cerebral store with the most varied 
knowledge, and the creation of the most elaborate and easily conducting 
network of circuits represents therefore the effective conditioning of the 
most important tool we possess. The application along pre-arranged 
tracks of individual laboratory techniques, however powerful, the inter- 
pretation of observations in the light of a pre-conceived theory, however 
respectable, is likely to lead to results which are not more than ordinary. 
The perception of distant analogies, the bodily transfer from one field 
to a startlingly different one of answers to problems already solved, the 
unused piece of knowledge which at the critical moment sparks off an 
illuminating train of thought, all these are the modes of the big advances. 

The perception of what might at first sight seem a far-fetched analogy 
of A to B may allow the almost immediate transfer to B of years of results 
laboriously obtained with A. No researcher, therefore, can afford to 
neglect width and ramification of knowledge, or to confine his area of 
consciousness to one technique. He needs to know the possibilities of 
many. 

Here we meet the old dilemma. Extended too far, breadth of know- 
ledge means dilution, encourages the attitude of the dilettante, and inhibits 
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the development of professional expertise. Concentrated too intensely, 
expert skill can inhibit or atrophy the imagination. Somehow the extensive 
and the intensive must be reconciled. The task before the researcher is to 
be familiar with the outlines of many subjects, and to become a master of 
the details of a few. How does he divide his resources between the two 
objects, how does he reconcile what on the face of it must always be 
conflicting claims? There is no golden rule. It is a matter in which each 
man has to work out his own salvation and make his own choice. His 
solution to the problem will be an individual one, depending upon his 
natural capacities, his tastes, and the accidents of his training. This essenti- 
ally personal choice remains an ineradicable element of individualism in 
an increasingly collective world. 

Views on collective activities in general vary from enthusiastic accept- 
ance to strong revulsion, but what will probably be agreed is that they 
are most beneficent when they provide opportunities without imposing 
conformity. Provision of opportunities is what this course is making. To 
some it can give detailed knowledge of methods that may be immediately 
useful to them, but to all it can give widened appreciation of what is now 
available and what can be done. 


THE DESIGN OF EXPERIMENTS 
P. ARMITAGE 


I. INTRODUCTION 


Had this symposium taken place fifty years ago, there is little doubt 
that “The design of experiments’ would not have found a place on the 
programme. At that time the science of statistics was experiencing the 
first of the great waves of activity which have recurred at intervals of 
twenty or thirty years since then. The leader of this movement, Karl 
Pearson, was engaged primarily in non-experimental research, parti- 
cularly with social and anthropological data, and, perhaps for this reason, 
did not develop a general theory of statistical experimentation. The real 
revolution came with R. A. (now Sir Ronald) Fisher, who was working 
during the 1920’s at the agricultural research station at Rothamsted. Most 
of what is described here stems directly from Fisher’s work (Fisher, 1950; 
particularly paper No. 17). As we shall see, the principles enunciated by 
Fisher are not in the least confined in validity to agricultural research. 
They have become firmly established in fields as diverse as industrial 
technology and biological assay, and the last ten to fifteen years have 
seen an extension of these methods to clinical medicine. In discussing 
these principles, illustrations will be taken largely from the clinical field, 
and it may be remarked how closely analogous are the problems of 
clinical trials to those of agricultural field experimentation. 


2. VARIABILITY AND RANDOMIZATION 


It seems to be an inescapable fact about biological experimentation 
that we rarely get exactly the same answer twice. The broad nature of an 
experimental outcome may be quite reproducible, but once we start 
measuring anything—response time, size of lesion, blood sugar content, 
and so on—we encounter variability. A classical experiment is that of 
the boy who went to school one day, but 

‘.. . goes to school no more; 
For what he thought was H,O 
Was H,SO,.’ 
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This outcome, no doubt, would be highly reproducible, but many of its 
finer quantitative aspects would inevitably vary from one occasion to 
another. Now suppose we wish to carry out what might be called a 
‘comparative’ experiment; that is, one designed to disclose whether a 
particular response is affected by some deliberate change in the conditions 
of the experiment. For instance, we might ask how much, if at all, the 
ability of patients with intermittent claudication to tolerate exercise 
without undue pain is affected by regular treatment with some drug. 
The essential difficulty is that of making sure that whatever apparent 
effect is present is not really due to the variable nature of the observations. 
If it seems that patients treated with the drug fare better than those not 
treated, how can we be at all certain that the apparent improvement is 
attributable to the action of the drug, and is not due merely to the un- 
predictable differences in response from one patient to another? 

Fisher was faced with a very similar problem in agricultural _ trials. 
The agriculturalist may wish to see whether, and by how much, the yield 
of a crop of barley is improved if the ground is treated with a particular 
fertilizer. Different plants will in any case give different yields, because 
of innate and environmental variation, and if half the plots are treated 
with the fertilizer and the rest are used as controls it may not be at all 
clear that the difference in average yield of the two groups can unambigu- 
ously be attributed to the action of the fertilizer. In the first place, how 
do we know that there is not some systematic difference between the 
experimental units placed on one treatment and those placed on the other, 
which could explain the result? Fisher’s answer to this was that the units 
(plots in the field trial, patients in the clinical trial) should be assigned at 
random to the different treatment groups. This phrase ‘at random’ does 
not mean ‘in any sort of haphazard manner’, but implies a real chance 
mechanism like tossing a coin, spinning a roulette wheel or drawing 
numbers from a hat. Many experimental workers find it inconvenient 
to keep a roulette wheel on the bench, and impecunious or hatless scien- 
tists are at a similar disadvantage. Some thoughtful statisticians have 
therefore made many thousands of these random choices and recorded 
the results in tables of random sampling numbers. By allocating our 
variable units at random to the groups which are to receive different 
treatments we do not ensure absolutely that the groups will be closely 
alike in all relevant respects. It may happen that a high proportion of 
patients able to walk easily find themselves in the group receiving the 
drug, but this is not very likely. If randomization has been carried out, 
the probability of any given discrepancy can be calculated. If this 
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probability is low we can say ‘Either the treatment really has worked, 
or we happened to make a curious allocation with odds of, say, 50 to I 
against it.’ In this situation we say the difference is ‘significant’, indi- 
cating the probability associated with the observed discrepancy. 

In clinical experimentation, where patients frequently enter an investi- 
gation serially in time, it is normally adequate to allocate alternate entrants 
to different treatments. As early as 1904 Karl Pearson was advocating this 
method to assess the efficacy of typhoid vaccination, a suggestion which 
incurred strong opposition from Sir Almroth Wright (Cockburn, 1957). 

Controlled trials involving randomization have been very widely used 
in preventive and clinical medicine in recent years. There are, of course, 
well-known ethical and administrative difficulties involved in medical 
trials of this sort. But if these difficulties are surmountable there seems 
to be an overwhelming case for randomized experimentation in clinical 
medicine. For what are the alternatives? To compare the results in patients 
who happen to have been treated by the rival methods at different times 
at the same centre, or in different centres at the same time, is quite un- 
reliable, since one has no assurance that the patients are comparable in 
severity of disease, or (in some situations) in the standards by which 
results are assessed. A standard method of therapeutic assessment is to 
judge whether individual patients, treated in a particular way, fare better 
than they would have done on some alternative treatment. This may well 
be the most precise way of all, if the assessor is a highly skilled practitioner 
of his art. But the unfortunate fact remains that highly qualified judges 
are not always unanimous in their opinion about a given case. It is worth 
noting, incidentally, that ‘clinical judgment’ is by no means the antithesis 
of statistical appraisal. The clinician is comparing the course of disease in 
the patient in question with a prediction based on his own experience of 
a group of patients similar in all relevant respects to this individual. I 
would myself like to see this clinical experience used, whenever possible, 
as a method of assessment in a randomized trial, so that we get the best 
of both worlds. It may be possible, for instance, for a physician familiar 
with each case-history, but unaware of the nature of the treatment 
received by each patient, to assess the apparent effectiveness of treatment 
separately for each subject. A comparison of the apparent benefits ex- 
perienced by those allocated randomly to different treatment groups 
would then provide an unbiased picture. 

It would be difficult to find a better example of the difficulties of inter- 
pretation of uncontrolled data than is provided by cancer therapy. In a 
recent paper Ralston Paterson (1958) writes: 
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‘Many of our present-day beliefs about the value of individual 
methods of treatment of cancer, equally by surgery or radiotherapy, 
are founded on pure impression or even on custom to a much greater 
extent than is often realised.’ 

In the absence of objective comparisons the same controversies simmer 
like a recurrent disease, the latest manifestation of which has appeared 
recently in the correspondence columns of the British Medical Journal 
apropos of breast cancer. I can see no way of settling these disputes 
except by randomized experimentation. The difficulties in this field are, 
of course, great, but that they can, at least sometimes, be overcome is 
gradually being shown—by some studies in this country, and by some 
large co-operative trials of cancer chemotherapy currently under way in 
the United States. 


3. REPLICATION 

The second principle of Fisherian experimentation is that of replication— 
the use of more than one experimental unit on each treatment. This 
practice had, of course, been followed by experimental workers in many 
fields of enquiry—in clinical medicine perhaps more so than in agriculture, 
but it is worth while to enumerate the different purposes underlying the 
practice of replication. 

In the first place, to increase the number of observations is to increase 
the precision of our comparisons. In a public opinion poll to predict the 
outcome of an election, a suitably chosen sample of 100 would be adequate 
if 70 per cent of the electorate intended to vote for party A and 30 per 
cent for party B. If, however, they intended to vote in the proportions 
§2 to 48 a sample of 5,000 would be barely adequate. In the same way, 
if two treatments differ greatly in their effects, we may be able to show 
this with few observations. If they differ only a little, we may fail to 
detect the difference unless we use very large numbers. One of the 
questions most frequently asked of a statistician is ‘How many obser- 
vations should I make?’ It is one of the most difficult questions to answer. 
The correct answer is perhaps something like this: “Tell me how variable 
your experimental units are; tell me also how small a difference you do 
not wish to miss, if it is really there; then I can give you a figure.’ The 
experimenter will probably find it hard to answer these questions, and 
so the ball goes to-and-fro until some sort of compromise is reached 
between what the experimenter would like ideally and what he feels he 
can manage in practice. 


The second advantage to be gained by replication is that it provides 
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some indication of the random variability of the experimental units. In 
a field trial we can look at the variations in yield from plots treated alike; 
in a clinical experiment we may see how variable are the responses of 
patients undergoing the same treatment. Now, if all units were entirely 
homogeneous in their response we need make only one observation on 
each treatment—whatever differences appeared must necessarily be due 
to the treatments. As we depart from this ideal situation—that is, in 
practice, always—we need to measure the random variability of our 
observations so as to work out the extent to which the comparisons 
between treatments may be affected by random selection. In general, this 
requires at least two observations per treatment. 

The third point about replication is that it provides a basis for wider 
generalization. The agriculturalist wishes to assess the merits of a new 
fertilizer, or a new strain of crop, over a wider variety of conditions than 
are provided by one field. If he is wise he will replicate his experiment 
on different soils, in different parts of the country, and so on. Similarly 
in clinical trials it is often an advantage not to restrict too severely the 
type of patient, and there are similar advantages in obtaining co-operation 
between different centres so that minor differences in treatment are 
represented in the sample. 


4. LOCAL CONTROL OF VARIABILITY 


The third main principle is what might be called local control of vari- 
ability. Different plots in a field vary considerably in their fertility. It is 
useful, therefore, to delineate groups of plots which are more uniform 
in their response—perhaps because they are close together in the field. 
These groups of fairly homogeneous plots are usually called ‘blocks’. If, 
now, we randomly allocate treatments within each of these blocks, the 
random variation which is relevant to our comparisons of the treatments 
is the variation within blocks, and we have ensured that this is less than 
the random variation over the whole experiment. This principle is 
familiar in animal experimentation. It is often worth while, for instance, 
to compare treatments by allocating them randomly to members of the 
same litter, since the responses of litter mates may be more alike than 
those of animals from different litters. To carry the process even further 
it is useful, if possible, to make comparisons of different treatments on the 
same animals on different occasions. 

Exactly the same considerations apply in clinical experimentation. 
Even though, as suggested in the last section, the selection of patients for 
the trial is not unduly restrictive, we should nevertheless try to compare 
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different therapies or different prophylactic agents on as uniform a group 
of experimental units as possible. In many situations, as for instance in 
the treatment of acute infections, it may not be possible to apply more 
than one treatment to a given patient. The aim here would be to group 
together, before the experiment, subjects who for some reason would be 
expected to give rather similar responses. These groups are our ‘blocks 
and we may now compare the effects of different treatments on the 
subjects within a block. On the other hand, in the treatment of chronic 
diseases in which short-term improvements rather than final cures are 
expected, the opportunity may be present to give a series of treatments 
on each patient. A series of observations on a given patient would then 
constitute a ‘block’. In the simplest design we should allocate the treat- 
ments in a random order for each patient, but if the order of administra- 
tion were likely to have any systematic effect (say, if the patients were 
gradually improving or deteriorating), a further reduction of the random 
variability might be achieved by applying treatments in some sort of 
systematic order. 


5. LATIN SQUARES AND FACTORIAL EXPERIMENTS 


I have spoken so far about relatively simple designs. Further elaboration 
is now provided by a number of text-books (Cochran & Cox, 1957), 
which may be consulted for details of the various designs and the circum- 
stances in which each is appropriate. I shall describe briefly two of the 
most useful designs, the latin square and the factorial arrangement. 

The latin square was originally used in agricultural experiments of the 
type we have already discussed. It is frequently found that the fertility 
of different plots in a field varies systematically; there may be a natural 
gradient of fertility in some direction, or the cultivation of the field in 
strips may have caused differences in fertility between parallel strips. 
Suppose we wish to compare five different treatments, A-E (e.g. fer- 
tilizers or strains of crop). A typical latin square is the following, the 
rows and columns representing strips in two directions across the field: 


C D B A E 
B A E C D 
E C D B A 
D B A EB C 
A E C D B 


Note that each treatment occurs once in each row and once in each 
column. Systematic differences in fertility between different rows or 
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different columns will therefore affect each treatment group equally. 

Squire (1950), investigating the diameters of wheals caused by different 
concentrations of histamine pricked into the skin of the forearm, used the 
following design: 


Right arm Left arm 
ee) ee 
Lateral Medial Lateral Medial 
2 in. below elbow A B SS D 
2 B A D G 
Site C D B A 
2 in. above wrist D G A B 


The columns represent the medial and lateral borders of the two forearms, 
the rows represent four equally spaced sites between the wrist and elbow, 
and the letters represent four concentrations of histamine. The whole 
design was repeated on four different days, and Squire was able to show 
that the response varied appreciably from one site to another and from 
one day to another, so both these sources of variation were eliminated 
from the treatment comparisons. 

The sources of variation represented by rows and columns in the latin 
square need not correspond to two perpendicular directions. For example, 
Bacharach, Chance and Middleton (1940) investigated the size of lesions 
produced in the rabbit by inoculation of a given amount of a diffusing 
factor. They used a 6 X 6 latin square in which rows represented six 
different sites on an animal’s back, columns represented six different 
animals, and the letters represented the order in which the injections were 
done on each rabbit. This example leads us naturally to a consideration 
of experiments in which the effects of a number of different factors are 
investigated simultaneously. 

The very existence of factorial experimentation is, alone, evidence of 
the Fisherian revolution. The traditional attitude towards experimentation 
involving many factors is that the factors should be varied one at a time. 
Suppose we wish to examine the relative effects on the pulse-rate of two 
different doses of atropine, two different routes of administration and 
two different vehicles for the drug. We shall speak of each of these three 
factors as being at two ‘levels’. In the simplest complete factorial design 
we should make an observation at each combination of levels of the three 
factors. This would require 2 X 2 X 2= 8 readings, of which, for 
instance, 4 would involve one dose and 4 the other dose. Similarly each 
of the other two factors would give a comparison on 4 + 4= 8 readings. 
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If we followed the traditional design we should need, for the same 
precision, 8 readings to compare doses, 8 for route of administration and 
8 for vehicle—24 in all. But the advantages go beyond a reduction in the 
number of observations. In the factorial design we can compare the two 
doses at each level of the other factors, and so enquire whether the effect 
is more pronounced at some combinations than at others—whether, in 
fact, ‘interactions’ are present. Modern developments enable us to leave 
out some of the combinations, sacrificing some of the less interesting 
information but preserving accurate comparisons for the questions which 
most concern us. 


6. FURTHER DEVELOPMENTS 


Finally it would be appropriate to mention two aspects of experimental 
design which have received considerable attention during the last ten to 
fifteen years. 

Experiments do not exist in isolation, unrelated either to the past or to 
the future. An experiment is usually part of a programme with a more or 
less flexible strategy. A number of workers in industrial research have been 
considering what is the best strategy to adopt if one wishes to find under 
what conditions a particular process works optimally; for instance, if a 
product is the result of a chemical process, under what conditions of 
temperature, concentration of reagents etc. does one achieve a maximum 
yield? The statistical methods which have been proposed for this problem 
are associated particularly with the name of G. E. P. Box and are described 
by Cochran & Cox (1957, Chapter 8a). They may not be, in detail, the 
most suitable methods for tackling similar problems outside industry, 
but it is suggested that this general type of approach may be needed in 
many medical problems. In clinical experimentation, for instance, it may 
be possible to progress from a simple trial in which two difference doses 
of a preparation are compared, to a series of trials in which the doses to 
be compared are successively altered until something like a maximal 
response is achieved. 

The second recent development is that of sequential analysis, in which 
the results of a single experiment, conducted serially in time, are scrutin- 
ized continuously, and the decision when to stop depends on the way the 
results are going. We can think of this, perhaps, as a means of modifying 
tactics during the course of a single experiment, whereas we have pre- 
viously been discussing the modification of strategy during the course of 
a series of experiments. Sequential experiments of this type seem to be 
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particularly suitable for clinical experimentation, where the well-known 
ethical dilemma prevents the investigator from pursuing a particular 
enquiry if at any stage it becomes clear that one of the treatments under 
investigation is inferior to the others. A growing number of clinical trials 
have been designed and analysed in this way. Some of the more recent 
of these trials (Newton & Tanner, 1956; Snell & Armitage, 1957) are 
based on designs which restrict the maximum number of observations 
required, but which permit the trial to be ended after a smaller number 
of observations if a sufficiently big difference emerges. 

Almost all the discussion so far has been devoted to what may be called 
‘comparative’ experiments. This category covers a large proportion of 
biological experimentation, but there remain a variety of types of in- 
vestigation which use experimental techniques but which are more in the 
nature of surveys than experiments. As an example we could cite an 
investigation to see how the performance of different men on some lung 
function test is related to various bodily characteristics. Not all the 
remarks made here are applicable to this type of investigation, but it is 
not difficult to see the relevance of the basic concepts of variability and 
replication. Randomization is less important, although we may wish to 
take a random sample of men from some group, or to allocate at random 
the order in which they do the test. Local control of variability may be 
useful if the population can be stratified into groups of men who for 
some reason (say age) are more likely to give similar responses than those 
in different groups. In investigations of this type it will frequently be 
possible to make use of the designs evolved originally for comparative 
experimentation. For example, Reid (1952), investigating the frequency 
of absence from school due to respiratory disease, found it useful to collect 
his data in a pattern technically known as a split-plot design. This pro- 
cedure not only enabled the main results to be exhibited clearly but also 
made the statistical analysis much simpler. 

Enough has been said to indicate the belief that statistical considerations 
can contribute appreciably to the value of biological experimentation. 
The principles discussed are, on the whole, unsophisticated and can be 
appreciated without any detailed knowledge of mathematical statistics 
or probability theory. One final suggestion is perhaps permissible. If it is 
worth bringing in the statistician at all, it is worth bringing him in at the 
start. Statistical methods will extract information already implicit in 
experimental results, but under no circumstances will they inject infor- 
mation into an otherwise barren experiment, or produce order out of 


chaos. 
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FLAME PHOTOMETRY 


R. W. R. Baker and R. H. S. THompson 


The use of the flame photometer for the estimation of the levels of 
sodium and potassium in body fluids is now a standard practice in clinical 
pathology laboratories. It is desirable therefore that physicians and 
surgeons, as well as pathologists, should have some understanding of the 
principles involved in the use of this instrument for quantitative analytical 
work, and that its limitations and also its potentialities, which certainly 
extend beyond the common estimations to which it is now put, should be 
realized. 

Probably all of us remember the simple flame tests which we carried 
out in the elementary qualitative chemical analyses which we performed 
in our schooldays; how we took a piece of platinum wire, dipped it into 
concentrated hydrochloric acid, and then into a little powdered potassium 
chloride, and how when we then introduced the wire into the flame of a 
Bunsen burner, the potassium chloride volatilized and coloured the flame 
lilac; whereas, if we had dipped our wire into powdered sodium chloride, 
the flame would have been coloured a golden yellow. These simple 
experiments demonstrated to us, not only characteristic properties of 
these different metals, but also the underlying basis of flame photometry. 

The principle behind this analytical tool is that many elements, when 
heated sufficiently strongly to volatilize them, each emit light of only 
certain definite wavelengths, these wavelengths appearing as bright lines 
or bands in the spectrum. The positions of these lines are fixed and 
characteristic for each metal (Fig. 1). They can therefore be used to identify 
the different metals, a process known as Spectrum Analysis. Furthermore, 
as might be expected, the intensity of the emitted light is proportional to 
the amount of the metal which is being volatilized, thereby providing a 
means of quantitative analysis as well. 

In more exact terms, therefore, the principle underlying quantitative 
spectroscopy (and flame photometry is only a particular variety of this) 
is that when molecules or atoms of chemical elements are introduced into 
a suitable energy source—a flame or an electric arc—the atoms become 
excited, and their thermal kinetic energy is increased. This increased 
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kinetic energy may cause an electron to be moved from its resting orbit 
to an orbit having a higher energy level. If that electron then returns to 
its resting state the extra energy is lost in the form of light of a wave- 
length or wavelengths characteristic for the given element. . 

The flame photometer is, then, an instrument which provides the 
necessary energy source—the flame—for exciting the metal, together with 
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Figure 2. A simple single-cell flame photometer. (A and B lenses, C and D filters). 


a photo-electric cell which detects the light emitted by the metal, and 
converts the energy of the light into an electric current. The intensity of 
this current, which can be measured with a galvanometer, gives an indi- 
cation of the intensity of the emitted light, and therefore of the amount of 
the metal introduced into the flame. 

In biological work, however, a measure of the concentration of, say, 
potassium in a highly complex mixture such as serum is required, and it 
is therefore necessary to separate the spectral lines emitted by the potassium 
from the lines emitted by the other metals such as sodium, calcium, 
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magnesium, iron and copper which are also present. It is imperative, 
therefore, to incorporate in the instrument suitable optical filters which, 
in this case, will transmit the wavelengths emitted by the potassium, and 
absorb, and thereby remove, the wavelengths caused by the other metals. 

Briefly, then, a flame photometer consists of: a suitable flame; a means 
for introducing the sample to be analysed into the flame, usually an 
atomiser which will deliver the fluid in the form of fine droplets; an 
optical system for collecting the emitted light and for passing it through 
suitable filters on to a photo-electric cell, and lastly, a galvanometer for 
measuring the current output. Such an instrument is shown diagram- 
matically in Fig. 2. 

Each of these components will now be described in turn, building up, 
as it were, the flame photometer as we go along. 


THE FLAME 


With regard to the flame, the main desiderata are, first, the provision 
of a suitable temperature, and secondly that it shall burn steadily. 

Several types of flame have been used. The simplest is that produced by 
coal gas, but this suffers from the disadvantages that the temperature 
attainable is relatively low, and that the pressure and calorific value of 
gas from public supply is subject to rapid fluctuations over irregular 
periods of the order of seconds, especially at times of maximum demand 
on the system. The pressure can certainly be stabilized to some extent 
by the use of a governor, but there is no means for rendering constant 
the chemical composition apart from using a reservoir of some 20-30 
cu. ft. in capacity. The use of an internal standard, described later, largely 
abolishes the results of these fluctuations, but they remain of serious 
consequence in the single-cell type of photometer. 

Liquified propane or butane (Calorgas) is a more satisfactory fuel, but 
again gives a flame of relatively low temperature. 

In determinations of Na or K there is no need for the hotter flames, 
but these are essential for determinations of Ca or Mg. Attempts to 
increase the temperature attainable with bottled or coal-gas by devices 
such as preheating the air supply or enriching the air with oxygen have 
not proved to be of practical importance, and the acetylene-air flame is 
conveniently used instead. Hydrogen-oxygen, acetylene-oxygen and even 
cyanogen-oxygen flames have all been used, but only to limited extents. 

The best flame for general-purpose photometry is obtained from 
acetylene and compressed air, although coal gas, or better, Calorgas, and 
air are adequate where only Na and K are to be determined. 
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Obviously the design of the burner is important, but a quite simple 
form is entirely satisfactory (Fig. 3). This form is of all-metal construction, 
and gives a ‘clean’ flame without flash-back or other misbehaviour when 
burning with acetylene or coal-gas. It is essentially a Mekker-type of 
burner in which the air supply is enclosed and controlled. Special burners 
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Figure 3. Burner for flame photometer (Baker 1955). 
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of glass and platinum or of stainless steel are not generally necessary. 

The air for combustion is best drawn from a commercial cylinder, thus 
eliminating the risk of contamination present if laboratory air is used, and 
obviating the need for noisy compressors. The smoking of cigarettes in 
the neighbourhood of a flame photometer must be avoided, since tobacco 
smoke contains an appreciable amount of potassium, which can interfere 
very seriously with the analysis being carried out. 


INTRODUCTION OF THE SAMPLE 


The sample of serum or other fluid to be analysed has now to be 
introduced into the flame in a finely dispersed spray. In most flame 















Wt 1 
a 
Wz 










Sit 


Figure 4. Spray for flame photometer (Baker 1955). 


photometers the sample is fed in continuously over a short period by 
means of a spray operated by the supply of air, or in some instruments by 
the combustible gas. 

Designs of spray are many and diverse, and it is foolish to make dog- 
matic assertions about the merits of any single one. The familiar throat- 
spray illustrates the principles applied. As two main types one may dis- 
tinguish right angle and concentric sprays, of which the second is perhaps 
the more reliable and least sensitive to errors of adjustment; the latter 
(Fig. 4) is also more easily controlled, allowing the rate of consumption 
of sample to be adjusted readily and accurately. 

The higher the pressure of the air supply, the finer the spray-jet can 
be made and the finer the degree of dispersion of the sample. It must be 
realized that of the sample consumed, even with the best design of spray, 
only 5-15 per cent ever enters the flame, but that the mist that is exposed 
to the flame is a true colloidal dispersion, or aerosol. Most of the sample 
condenses and runs to waste, and it is better that it does so, for gross 
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droplets in the flame cool it unduly and also produce fluctuations in the 
output of light. Some workers have built the spray into the base of the 
burner to give 100 per cent delivery, but this strategem is hardly justified 
by the results, for either flooding occurs or such a fine jet has to be used 
that it easily chokes. Methods for increasing the efficiency of atomization 
of solutions by reducing their surface-tensions have been used successfully. 
If, for example, 15 per cent by volume of isopropyl alcohol is mixed 
with the sample, the emission of light is increased by about 40 per cent. 
Detergents have also been used to produce the same effect. However, 
the demands for economy and simplicity of procedure, and the develop- 
ment of more sensitive photocells with better amplifiers have all tended 
to render such expedients unnecessary, but they remain available for 
increasing ultimate sensitivity in special cases. 


OPTICAL SYSTEMS 


The sample, having been introduced into the flame, then causes the 
emission of a series of wavebands of light due to the different metals 
present. As pointed out earlier, we are therefore now faced with the 
problem of separating out the specific wavelength emitted by the ‘parti- 
cular metal we are estimating. 

The optical system required for this involves a lens to collect as much 
as possible of the radiant energy emitted, and to render this light parallel. 
Radiant heat is now removed by passing the beam through a heat- 
absorbing filter, such as the special glass known as Chance ON 20, or by 
interposing a glass cell filled with water. ; 

The cooled beam is next passed through coloured filters to absorb all 
except the particular wavelengths required. Of these filters, three types 
are important. First, narrow-band gelatine-dye mixtures, e.g. the Ilford 
Spectrum series, are useful, but are easily damaged by heat or accidental 
exposure to chemical reagents. Better are the tinted glasses, the Chance 
filters, which are permanent in colour and very durable. From a wide 
range available, useful combinations may be built up (Fig. 5), such as 
that used for selecting light emitted by potassium. The best of all filters 
are of the interference type. The description of these is outside the scope 
of this paper, but, essentially, the physical process involved is that which 
is responsible for the play of colours shown by a film of oil on a wet 
road. The peak transmission, expressed as a percentage of incident light, 
is much higher than is found with other types of filter. Since only one 
peak out of several in any given filter is used, the filter is constructed to 
give this as main characteristic and coloured glass is used to eliminate the 


FLAME PHOTOMETRY 


Prete) fele) 


neremcremmerers © Ammmeencans J 





Figure 1. Flame spectra of sodium, potassium and calcium, 


%, TRANSMISSION 
' W BY FILTER 
Tete) 





Fieure s. Combination of Chance filters 





FLAME PHOTOMETRY L7 


secondary peaks. The disadvantages of the interference filters are their 
inflexibility and their cost, but their performance justifies their use without 
question. 

An entirely different principle, which is used in one or two com- 
mercially available instruments, is selection of waveband by dispersion 
with a prism. With this method the purity of the light selected can be of 
a high degree, but at the same time the energy transmitted falls to a low 
value, since the more monochromatic the light, the narrower must be 


the slit through which light is admitted to the system. 


PHOTO-ELECTRIC CELLS 


The light from the flame, selectively filtered as described above, is next 
allowed to fall on the photo-electric cell, that is, on a device which con- 
verts the light into an electric current whose strength is proportional 
within limits to the intensity of the light impinging on it. 

The photo-electric cell is, of course, familiar since it is the light- 
sensitive device used in the ordinary photo-electric “colorimeters’, better 
called photo-electric absorptiometers, found in all clinical laboratories. 

Various types of photo-electric cells, based on two different principles, 
have been devised. 

Of these, the Selenium Barrier-Layer cell is the simplest to use and has 
a sensitivity quite adequate for most routine clinical analyses; that is to 
say, the sodium or potassium light from a flame into which a dilution of 
plasma has been sprayed is sufficient to cause the flow of an electric 
current from the cell of sufficient intensity to cause a substantial deflection 
in a galvanometer without any need for electrical amplification. 

Photo-conductive cells represent another type of light-sensitive device. 
They consist essentially of a film of cadmium or lead selenide on a glass 
surface. When light falls on this, the electrical resistance of this film is 
diminished. If a current therefore is allowed to flow through the cell, 
the decrease of resistance on illumination will cause an increased current 
to flow. In addition to this, this type of cell acts as its own amplifying 
system by virtue of the special properties of the cadmium selenide, so that 
the increase in current on illumination is in fact very much greater (by a 
factor of 10°) than would be expected from a simple fall in resistance. 

The Vacuum Photo-cell is also used in several commercial flame-photo- 
meters. The principle of this type of photo-electric device is quite different 
from the two already mentioned. Here, the incidence of light on the cell 
results in the ejection of an electron from the surface of a film of caesium 
or rubidium deposited on a metal conductor (Fig. 6). The migrating 
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LIGHT 





Figure 6. Vacuum photo-electric cell. 


electron is attracted towards an anode, while its original place in the 
caesium is filled by the inflow of another electron coming from the 
cathode; that is to say, a current flow has been initiated, and as long as 
the cell is illuminated these migrations are repeated and so a substantial 
current is produced. Quite large potentials are needed to drive this type of 
cell, and the current flow, which is of the order of o-or-o-r sua, produced 
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by the action of the light, must be amplified. Thus, an electronic system 
ea complexity must be incorporated before the cells can be exploited 
y. 
The construction and use of a single-cell photometer has been excellently 
described by Domingo & Klyne (1949). 
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Figure 7. Internal standard flame photometer. 


The accuracy of determination by this single-cell type of instrument is 
dependent on the constancy of performance of the spray and of the flame. 

To offset these limitations a balanced two-cell photometer is often 
used (Fig. 7). 

In this type of instrument the optical and photo-clectric systems are 
duplicated on either side of the flame. 

By including a fixed concentration of lithium in all the solutions to be 
sprayed, the emission from the lithium can then be isolated by the use of 
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a suitable filter and led to the second photo-cell. The sodium light, if 
sodium is being measured, is led on to the opposite cell, so that in this 
type of instrument the unknown and the standard readings are always 
made against the datum-line provided by the lithium which will itself 
also be increased or decreased if changes in the performance of the spray 
or flame take place. 

Spencer (1950) has given a clear and detailed account of the principles, 
design and operation of an internal standard flame photometer. 


TECHNIQUE OF MEASUREMENT 


For most clinical estimations of sodium or potassium, the single-cell 
photometer suffices. 

In using a single-cell photometer such as that described, the procedure 
for analysis consists of making a suitable dilution, spraying it into the 
flame for, say, several seconds, until a stable deflection is seen on the 
galvanometer. The technique is essentially a comparative one and standard 
solutions containing known concentrations of the metal under analysis 
are sprayed immediately before or after the ‘unknown’ solutions; from 
the readings given by the standard solutions the concentration of the 
metal in the ‘unknown’ can readily be determined. 

In the case of potassium, the plasma or serum is diluted 1 : 50 with 
either water or, better, a 0-2 per cent solution of sodium chloride which, 
as described by Domingo & Klyne (1949) enhances the emission of the 
potassium. Owing to the high potassium content within the red blood 
cells it is of course essential to use unhaemolyzed specimens. 

For sodium estimations, the plasma or serum must be diluted as much 
as I : 200 in water. 

The standard solutions that are used vary naturally in different labora~ 
tories, but for potassium, solutions of the order of 25, 5-0 and 7*5 
m. eq./l. can be used; and for sodium, solutions containing 100, 150 and 
200 m. eq./I. 

In more critical work, the two-cell photometer, with an internal 
lithium reference, is to be recommended. As already mentioned, and as 
initially described by Berry, Chappell & Barnes (1946) this reduces or 
eliminates errors due to inconstancy of spray, ame and other experi- 
mental conditions. The use of lithium gives much steadier deflections and 
allows higher sensitivities to be used with confidence. Lithium is chosen 
because it does not occur naturally in biological materials and because it 
emits a powerful red light from the flame. 
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SOURCES OF ERROR AND EXPECTED ACCURACY 


Since the substances analysed by flame photometry are almost always 
mixtures, interference effects between different elements have to be 
considered. First, there is the possibility of overlap in the wavelengths of 
the light emitted by the different metals. This can usually be obviated by 
the choice of suitable filters, although, where the wavebands are situated 
close together, interference filters may have to be used. 

Secondly, however, it must be realized that physico-chemical inter- 
action can take place between certain elements in the flame, even although 
one of the reactants may not itself emit light in this part of the spectrum. 
Such an interaction is seen in the case of sodium and potassium, where, 
as already mentioned, the presence of the sodium enhances the emission 
by the potassium. The use of excess interfering materials is a buffering 
action, analogous to the use of buffers in controlling pH. 

Accuracy in diluting the serum sample is of course essential, particularly 
where only small samples are available. Thus, in diluting 0-2 ml. serum 
by addition to 20 ml. of diluent, errors due to parallax in reading the 
pipette together with incorrect drainage of the pipette can well account 
for errors of the order of 10 per cent in the final estimate, and may exceed 
all other errors. 


APPLICATIONS AND USES 


The most important application of flame photometry to clinical bio- 
chemistry is without doubt the estimation of sodium and potassium. For 
the adequate control of the electrolyte balance of many patients, repeated 
estimations of these elements are essential. The older chemical methods 
employed in the past for the determination of these two metals in bio- 
logical fluids not only occupied much time in the clinical laboratory, but 
also had the grave disadvantage of failing to provide the required in- 
formation with speed. By the use of the flame photometer, large numbers 
of these estimations can be carried out quickly and accurately, and, if 
needed, the result of a particular estimation can be known half an hour 
after the specimen has been received in the laboratory. 

The next use to be considered is in the estimation of calcium in body 
fluids. Here again, the existing chemical methods, permanganate titration 
of the calcium after separation as the oxalate or titration involving com- 
plexing reagents such as ethylene-diamine-tetra-acetic acid (versene), suffer 
from serious practical drawbacks, such as ensuring complete precipitation 
of the calcium and also the danger of coprecipitation of magnesium. In 
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1948 Riehm first demonstrated that calcium in dilute solutions can be 
determined by the flame photometer. 

Its determination in serum by flame photometry, however, presents 
certain peculiar difficulties. First, it is present in small concentration 
relative to that of sodium. This is of importance in view of the fact that 
two of the bands of calcium, which are relatively weak, are situated at 
$54 and 620 my, and are therefore close to the intense D lines of sodium 
at 90 my. If therefore one of these bands is to be used it is obvious that 
special precautions must be taken to ensure adequate removal of the 
sodium light. This can be achieved by the use of a didymium glass filter 
(Chance ON 16), which powerfully absorbs at 590 my. 

Secondly, since calcium only emits feebly, the optical and photo- 
electric system must be more sensitive than that required for sodium or 
potassium. 

And thirdly, in view of the small deviations from the normally narrow 
range of serum calcium levels which it is desired to measure, a high degree 
of accuracy is essential. 

A number of publications have now appeared describing photo- 
meters in which these difficulties are overcome, although in some of the 
methods described pre-treatment by procedures involving precipitation 
of the calcium or removal of the sodium has been necessary (see for 
example: Severinghaus & Ferrebee, 1950; Leyton, 1951; Zak, Mosher & 
Boyle, 1953; Powell, 1953; Winer & Kuhns, 1953; Chen & Toribara, 1953). 

Examples of these instruments are the ones described by Baker (1955), 
in which no pre-treatment of the serum sample is required, and by 
MacIntyre (1954, 1957) in which only precipitation of protein is necessary. 
In the first of these two photometers, the use of interference filters and 
highly sensitive photo-conductive cells give the required sensitivity, while 
in MacIntyre’s instrument a monochrometer is used to disperse the light 
and to select a calcium band at 423 my, while a photo-multiplier tube, a 
development of the vacuum photo-cell described earlier, is used to 
measure the light. ; 

There is no doubt that flame photometric estimations of calcium, when 
properly carried out with a suitable instrument, give greater accuracy 
than the existing chemical methods. This is illustrated by the calibration 
curves shown in Fig. 8, and the results of recovery experiments (Fig. 9). 
Comparison of the results of chemical and flame-photometric determina- 
tions of the same solution (Fig. 10) reveals the greater consistency of the 
physical method. Similar consistency and accuracy are obtained in 
analyses of sodium and potassium. 
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Figure 8. Typical calibration curves. 
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Figure 9. Recoveries of calcium added to serum. 
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Magnesium, copper, iron, zinc, lead and other metals can also be 
estimated by flame photometry, but since estimations of these substances 
in biological fluids are only relatively rarely performed, and since, in the 
case of iron and copper, satisfactory chemical methods are available, work 
with these metals has not as yet been pursued extensively. 

A considerable literature exists on the design and uses of the flame 
photometer, and one monograph has already appeared (Burriel-Marti & 
Ramirez-Muifioz, 1957). 
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Figure 10. Determination of calcium by titrimetric and flame-photometric methods. 


Although comprising no new principle, the introduction of the flame 
photometer in a form in which quantitative estimations of different metals 
can be easily and accurately carried out has been of very great value, not 
only in the laboratory control of hospital patients, but also as a research 


tool which is being used extensively, and which has potentialities for 
wider use still. 
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ELECTROMANOMETRY 


J. P. SHILLINGFORD 


Mechanical and optical manometers have been used for many years 
for pressure measurements in biological research. With the recent advances 
in electronics it is now possible to convert the pressure changes into 
electrical potentials which may be amplified and recorded. The demand 
of biologists, clinicians and surgeons for electromanometers that will 
faithfully record rapidly changing pressures through catheters has been 
an added stimulus to their development so that to-day there is a wide 
selection of instruments available. Fortunately the requirements of biolo- 
gists in the field of pressure measurement fall within comparatively narrow 
limits; the pressures are comparatively low (from fractions of mm. Hg 
to a few hundred mm. Hg) and are usually taken from cavities containing 
air or fluid. 

It will not be possible here to do more than indicate the principles 
underlying electrical pressure recording, the various types of electro- 
manometers and their use in practice. Mathematical considerations have 
been reduced to the minimum and the subject is discussed from the 
practical point of view. 


Fundamental Requirements of Electromanometers 


Although there are many types of electromanometers, all rely on 
the basic principle of the applied pressure moving a stiff diaphragm. This 
movement is translated into changes of electrical current. 

The fundamental requirements for all of them when used in biological 
investigation are as follows: 

1. Sensitivity. 

2. Low volume displacement to give adequate frequency response. 
3. Stability of the baseline. 

4. Linearity. 

5. Ease of handling and sterilization. 

Reduction of the volume displacement of any manometer at a given 
pressure necessitates a stiffer diaphragm with consequent smaller move- 
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ment and less electrical output. It follows that a compromise between the 
sensitivity and volume displacement must be made especially when 
measuring small pressures at high frequencies. To a certain extent, 
decrease in the sensitivity of the manometer may be offset by increasing 
the gain of the amplifying circuits. Instability in the latter, with shift in 
the baseline, is a limiting factor and once more a compromise has to be 
made between sensitivity and stability. Linearity of electromanometers 
has not proved a difficult problem, but a design which allows for sterili- 
zation and ease of handling both in their setting up and subsequent use 
has proved more difficult to develop. 


Basic Principles Underlying Various Types of 


Electromanometers 


CAPACITANCE (Hansen, Sanborn, Southern Instruments) 


The capacitance manometer was one of the earliest types that gave good 
sensitivity with a small volume displacement and credit must be given to 
Hansen for much of its development. Pressure applied to a chamber 
(Fig. 1) causes movement of the metal diaphragm (p) which is in close 
proximity to a fixed plate (£). These two plates form a condenser, the 
capacity of which varies with varying pressure. When connected into a 
capacity bridge fed by a source of high frequency alternating current (4) 
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Figure 1. The capacitance manometer. 
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the varying capacity may be reflected into a voltage which in turn may 
be amplified and rectified to work a recorder. The capacitance mano- 
meter has the advantage that the pressure head is simple and easy to 
sterilize. Unfortunately the capacity changes are very small and it has 
proved difficult to design amplifiers of such stability that the base line 
response is stable. This type has nevertheless been used for years in some 
of the commercial pressure recorders and with improvement in amplifier 
design has become quite satisfactory. 
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Figure 2. The strain gauge manometer. 


STRAIN GAUGE (Statham) 


Wire, when put under stretch, alters its resistance and this property 
has found widespread use in laboratory and industry to translate pressure 
into electrical current. Manometers using this principle are known as 
strain gauges. Fig. 2 shows the basic arrangement of such a gauge. Re- 
sistance wire is attached to a diaphragm in the pressure chamber so that 
changes in the position of the diaphragm cause a variation in the stretch 
and thus the resistance of the wire. When connected in a resistance bridge 
considerable changes in current can be produced by quite small pressure 
so that a sensitive galvanometer system may be driven directly or, at the 
most, a low gain amplifier need be used between the manometer and 
recorder. All the earlier models used for biological recording tended to 
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have a high volume displacement which reduced their frequency response 
when connected to a long catheter with a small lumen. There have recently 
been introduced strain gauge manometers with small volume displace- 
ment with an excellent performance for most biological purposes. 


THERMIONIC TRANSDUCER VALVE 


When a stream of electrons is made to pass between a heated cathode 
and anode in a thermionic valve very small changes in the distance 
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Figure 3. The thermionic transducer valve. 


between these electrodes causes a change of electrical resistance between 
them. This property has been used in the application of a thermionic 
valve to convert pressure into electrical changes. The anode support is 
brought out through a semi-flexible fixing and connected to the pressure 
diaphragm. The recorder is wired directly to the transducer valve circuit 
(Fig. 3). Although these valves are very sensitive as pressure recorders 
they are prone to thermal drift, tend to break easily and have not been 
found satisfactory for general use. They have value in specialized labora- 
tory experiments where especial care can be used in their construction 


and assembly. 
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ELECTROMAGNETIC (New Electronic Products Ltd.) 


The electromagnetic manometer has more recently come into general 
use. A small iron core connected to the pressure diaphragm moves within 
a coil placed in an inductance bridge and energized by a source of alter- 
nating current A (Fig. 4). Changes in the position of the iron core un- 
balances the bridge and causes a voltage to be applied to the amplifier 
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Figure 4. The electromagnetic manometer. 


which can be amplified, rectified and recorded. This manometer has the 
advantages of being compact and robust. Its sensitivity is greater than 
the capacitance type but it still has to be followed by a high gain amplifier. 
For such purposes as cardiac catheterization and pressure measurement in 
the operating theatre it is proving itself to be satisfactory. A modification 
of this type of manometer embodies miniature coils at the tip of a catheter 
so that pressures may be measured directly from cavities. It has not 
however found general use in practice. 


PHOTO-ELECTRIC (Cambridge Instrument Co.) 


The photo-electric manometer is, in part, adapted from the optical 
pressure gauge of Hamilton. In the latter, a light beam is directed on to 
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a small mirror mounted on the nodal point of the pressure diaphragm 
from which it is reflected on to a photographic film. This method had 
the advantage of great stability but poor sensitivity. The small movements 
of the light beam, however, can be translated into large changes of electri- 
cal voltage by projecting it on to a photo-electric cell (Fig. 5). Great 
sensitivity can be gained by using a balanced photo-electric cell and feeding 
this into the recorder through a simple cathode follower circuit. Little 
electronic amplification is needed and the system therefore has a high 
order of stability and potential frequency response. Its disadvantage is one 
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Figure 5. The photo-electric manometer. 


of size although for most biological purposes the commercial instrument 
of this type at present available is proving satisfactory. A further advantage 
of this manometer is its versatility; the same optical system can be used 
with a variety of interchangeable pressure heads of different sensitivity 
and frequency response. It also lends itself easily to the measurement of 
differential pressures on each side of the diaphragm. 


AMPLIFIERS USED IN ELECTROMANOMETRY 


A brief word on the types of electronic amplifiers used in electro- 
manometry. They differ from the type commonly used in radio and 
sound amplification where the frequency response used is usually from 
20 cycles/sec. upwards, i.e. the amplification is that of an alternating 
current. For absolute pressure recording the frequency response must range 
from 0 cycles/sec. upwards, i.e. the amplification is that of a direct current. 
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Fig. 6 shows the basic difference of design between the alternating and 
direct current amplifier. The alternating voltage presented to the grid of 
the thermionic valve a is amplified by the valve and can be passed on to 
valve B via a condenser c. This condenser allows the alternating voltage 
to pass to the grid of the valve B but isolates the high voltage supply 
necessary to charge the anode of valve a. 
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Figure 6. The principle of the alternating (above) and direct (below) current amplifier. 


The direct current on the other hand applied to valve p is amplified 
by the valve but can only be passed to valve & by a direct connection 
from the anode of D to the grid of 8, as a condenser at this point would 
block the change in the direct current. It follows that in this type of 
circuit small changes in the high tension supply to the valve or its resist- 
ance will be transmitted directly to the next valve and cause variation or 
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‘drift’ in the recorded base line. This can be a serious problem in all but 
low gain direct current amplifiers and ways have been devised to over- 
come this other than ensuring stability of the power supplies to the valves. 

One of the most common forms of high gain direct current amplifiers 
is the ‘carrier’ type. The very small input potential modulates a source of 
alternating current of several thousand c.p.s., which, in turn, is amplified 
by a high gain alternating current amplifier; the amplified alternating 
signal is then rectified and fed to the recorder. Modern carrier amplifiers 
are proving most satisfactory for most biological purposes in pressure 
measurement. 

The ‘chopper’ amplifier is occasionally used to obtain very great ampli- 
fication where a high frequency response is not required. Amplification 
of the small direct current is obtained by interrupting it in its passage 
through the contacts of a small vibrating reed. The interrupted current 
is then amplified by an alternating current amplifier, rectified and passed 
to the recorder. This type of amplifier has the virtue of stability but its 
maximum frequency response is only approximately 10 per cent of the 
frequency of the vibrating reed. In practice the latter is only satisfactory 
up to about 100 cycles/sec. which limits the amplifier response to 10 
cycles/sec. 


THE FREQUENCY RESPONSE AND RESONANCE OF RECORDING SYSTEMS 


It is not always appreciated that a resonating system is produced by 
the attachment of a needle or catheter to an electromanometer. Under 
some circumstances the peak of the resonance may occur at a frequency 
in the range encountered in the recording of biological pressures. Fig. 7 
shows the effect of injecting a square wave into a strain gauge manometer 
with different lengths of tubing attached. With increasing lengths of 
connection the system resonates at a lower frequency and overshoot of 
the square wave occurs. The resonant frequency is closely related to the 
maximum frequency that can be transmitted through the system. 

The frequency response of a manometer used in biological recording 
of pressure through a small tube depends on the following factors: 

(1) Volume displacement of the manometer itself for a given pressure. 
(This is directly related to the size and stiffness of the diaphragm.) 

(2) Length and diameter of the connecting tube. The frequency response 
diminishes with either a longer or narrower tube. 

(3) Elasticity of connecting tube. Increase of elasticity decreases the 
frequency response. 

(4) Viscosity of fluid filling the recording system. 
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Figure 7. ‘The frequency response curve of a Statham o-4 p.s.c. strain gauge connected 
to a No. 8-125-cm. cardiac catheter showing the resonance at 7 c.p.s. and its reduction 
by the addition of electronic damping by increasing values of condensers. 


(s) Trapping of air bubbles in the system. Minute air bubbles, to a 
greater or less extent tend to be trapped when the manometer is filled 
with fluid and this reduces the frequency response. 

The response of a manometer system may be measured by introducing 
a small pressure sine wave into the system at varying frequency and 
plotting the response against the frequency. Fig. 8 shows such a response 
curve with a Statham o-4 lb. a square inch gauge and a No. 8 catheter 
attached. It will be seen that the response peaks at 8 cycles/sec. and is 
over 300 per cent that of the static level so that the pressure readings at 
this frequency would be grossly inaccurate. The whole system will tend 
to oscillate at this frequency, so that if a ‘square’ wave is applied the 
deflection will overshoot the zero line and die away in a series of oscilla- 
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Figure 8. Tne effect of adding increasing lengths of 2 mm, tube and a No. 8-125-cm. 


catheter to a strain gauge manometer. The square wave produces increasing over= 
shoot with a lower resonance frequency. 
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Figure 10. The production of phase shift by the introduction of damping. 


Figure 11. Catheter delay. The upper tracing shows the delay in response to the small 
impulse (lower tracing) introduced into the end of the catheter. 
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tions at the resonant frequency (Fig. 9a). In practice this square wave 
impact may be introduced by inflating and exploding with a hot wire a 
rubber condom over the container with liquid in which the variation of 
pressure is to be produced. 

The inaccuracies in pressure recording caused by resonance can to a 
large extent be overcome by damping the oscillations either by mechanical 
or electronic means. Mechanical damping is usually introduced by a 
small orifice such as a hypodermic needle placed between the catheter 
and the manometer; this has the effect of damping the natural oscillations 
and flattening the response curve, but it usually results in a sharp fall off 
in response above the resonant frequency. Although it is possible to 
calculate the modulus of volume elasticity of the recording system and 
thus the size of needle necessary critically to damp the system by mech- 
anical means, it has been found in practice that it is far easier to find the 
optimum size by the empirical introduction of square waves into the 
system with different sized needles. 

Electronic damping, most usually employed because of its ease of 
application, consists of a condenser resistance network system and works 
in a similar way to mechanical damping in that it absorbs the oscillations 
around the resonant frequency and flattens the response curve. By the use 
of special circuits it is possible to increase the response at higher frequencies 
than the resonant frequency. It is important that every electromanometer 
should be critically damped to the system in use, i.e. the application of 
a square wave to the point at which the pressure measurement is being 
taken results in a true representative of the pulse without overshoot due 
to underdamping or ‘rounding off’ due to overdamping (Fig. 9B, C, D). 
Failure to do this will result in false readings of oscillating pressures. 


PHASE SHIFT AND CATHETER DELAY 


The introduction of damping into the recording circuit produces phase 
shift or delay which varies with the frequency. This has no importance 
in the recording of absolute pressures unrelated to other events such as 
for example the electrical activity of the heart or heart sounds and mur- 
murs. Where, however, it is desired to time simultaneous events involving 
pressure measurements, phase shift may become a serious problem and due 
allowance must then be made for it. Fig. 10 shows an example of this. 
A source of oscillating pressure has been applied to two identical pressure 
strain gauges; one gauge (thick line) has been connected directly to the 
pressure pulse and the other (thin line) via a 125 cm. No. 8 cardiac catheter. 
It will be seen that as the frequency of the pressure pulse rises there is 
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increasing phase shift of the record taken from the manometer connected 
to the cardiac catheter. 

Closely allied to phase shift is the problem of catheter delay. Fig. 11 
shows the effect of introducing a small impulse into the end of a 125 cm. 
No. 8 catheter and recording the resultant pressure wave by the mano- 
meter. It will be seen that there is a delay of 0-02 sec. 


Differential Manometry 


In some cases it may be necessary to measure the difference of pressures 
between two areas as, for example, across a stenosed valve or between 
the right atrium and thorax, to reduce the errors of pressure measure- 
ment in the former caused by respiration. The difference may be deter- 
mined by a single manometer by moving the catheter tip or needle from 
one area to the other and comparing the recorded pressures between 
different beats. Where the differential pressure over one beat is required, 
two balanced manometers or a differential manometer must be used. It 
is usually difficult accurately to balance two manometers and a differ- 
ential manometer using a single diaphragm offers distinct advantages. 
Where the differential pressure is between two fluids, the design of such 
a manometer presents the problem of fluid on both sides of the dia- 
phragm. One very satisfactory solution is to use a photo-electric method 
where the light beam may be shone through saline on to the mirror on 
one side of the diaphragm and the other pressure fed into a chamber on 
the opposite side. Care has to be used in recording differential pressures 
through a differential system especially where the basal pressures are high. 
A small block of air in one limb of the system will produce serious arti- 
facts. In practice, the study of pressure records taken from two sites e.g. 
from the chambers on either side of a stenosed valve is often adequate 
and the use of a differential manometer offers little advantage. This is not 
so where it is necessary to separate the records of the right atrial pulse 
and changing intrathoracic pressure or to measure small simultaneous 
changes of pressure necessary to determine the velocity of blood flow by 
the Pitot method. It is essential to use electronic damping with a differ- 
ential manometer owing to the difficulty of damping both sides of the 
membrane equally by mechanical means. Any imbalance of mechanical 
damping tends to produce a false record. 


The Measurement of Pressure Gradients Across Valves 


The introduction of a partial obstruction in a system through which 
fluid is flowing will cause a rise of pressure in the part proximal to the 
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obstruction with a fall on the distal side, i.e. a pressure gradient. The 
magnitude of the pressure gradient is dependent on the following func- 
tions. 

1. The size of the obstruction. 

2. The size and shape of the structures immediately around the ob- 
struction. 

3. The velocity of the blood flow. 

4. The viscosity of the fluid. 

5. Other phenomena, such as the presence of cavitation. 

In a straight tube the pressure gradient across an obstruction varies 
inversely as the square of the cross sectional area of the orifice and directly 
as the square of the velocity. It will be seen therefore that the velocity 
must be taken into account at the moment the pressure gradient is deter- 
mined. In the case of blood passing through the heart valves this instan- 
taneous velocity is unknown, but at the peak of systole may be very high 
and cover a wide range of values. Determination of the stroke output 
combined with a study of the pulse form may be of some help in correcting 
for the velocity effect. 

Where the lumen of the tube beyond the obstruction is dilated a further 
loss of energy will occur with a fall in pressure that gives a larger pressure 
gradient still for a given degree of obstruction. The phenomenon of 
cavitation well known in the study of hydrodynamics has not yet been 
studied in man, but it may possibly be a further source of error in trying 
to assess pressure gradients across valves. 

In view of these variables, apart from the actual size of the obstruction, 
which may modify the gradient across stenosed valves of the heart, it 
seems probable that the only approach to assessing the degree of stenosis 
by this method is an empirical one which may, in some cases, be liable 
to serious error. This may be especially so in cases of mixed valvular 
stenosis and incompetence where the stroke output and velocity are 
increased by the presence of incompetence. 


SOURCES OF ERROR IN PRESSURE RECORDING IN BIOLOGICAL MEASUREMENT 


It is not always appreciated that there may be sources of error in pressure 
recording other than those previously mentioned which are inherent in 
the electromanometer system. Measurement of the pressure in blood 
vessels is usually made by inserting a needle or catheter with an end hole 
into the lumen of the vessel. If this end hole points in the direction of the 
stream the pressure measurement will be the resultant of the lateral 
pressure plus the pressure generated by the flow of blood against the tip 
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of the needle or catheter. Where the blood flow is great, this may be a 
serious source of error in the pressure measurement. . 

Movement of the catheter itself may cause high frequency vibrations 
on the tracing but in actual amplitude they are probably quite small. 
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Figure 12. Examples of sources of difficulty in interpreting pressure records from 
various sites in blood vessels. 


If blood is allowed to flow back into, or air enter the system, damping 
will occur and a falsely low pressure reading result. 

Fig. 12 (A) shows the effect on the pressure reading of the position of a 
needle or cannula in the lumen of a vessel. If it is pointing into the stream, 
the pressure recorded will be higher; and if away from the stream, lower 
than the real pressure. Variations in the size of the lumen (B and c) will 
cause considerable changes of pressure along a vessel, and such variations 
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have been a frequent source of difficulty in interpretating pressures for 
example in the pulmonary artery where dilatation will cause a drop of 
pressure over a segment of the vessel. In curved vessels there is a change 
of pressure from one side to the other (p) and this may lead to false 
deductions in, for instance, the flow and pressure patterns in ductus 
arteriosus. 


Considerations in Selecting Pressure Recording Apparatus 


Although most modern recording instruments are, on the whole, 
satisfactory the following points should be examined when considering 
their relative merits. A range of 10-300 mm. Hg full scale deflection is 
usually adequate for most intravascular pressure measurements. In 
respiratory work greater sensitivity may of course be desired. The volume 
displacement should be such that a flat frequency response up to 10 cycles/ 
sec. can be obtained through a No. 5 x 125 cm. catheter. The base line 
should not vary more than 1 per cent of full scale deflection over one hour 
at the greatest sensitivity and the apparatus should require no more than 
ten minutes to warm up. Robustness of the recording head is a feature to 
be looked for as some designs of manometer do not stand rough handling 
and are liable to go out of adjustment easily. Ease of cleaning, filling and 
sterilization is essential where the pressures are to be measured in man. At 
the present time the new strain gauge manometers with low volume dis- 
placement and good stability are finding increasing favour in many 
cardiovascular diagnostic and research centres and for routine diagnostic 
purposes there are probably none better. If a more versatile instrument, 
covering a greater range of pressures and suitable both for respiratory 
and blood pressure measurement is desired, then the photo-electric type 
should be considered. 

The actual pressure tracing may be recorded photographically by a 
mirror galvanometer, by a direct hot wire writer or by an ink spray. 
The photographic recorder has the advantage that the records are clear, 
permanent and can be drawn over a large scale with a high frequency 
response, but have the disadvantage that they have to be developed and 
cannot be watched at the time of measurement; the latter can be over- 
come to some extent, by having a cathode ray oscilloscope connected in the 
circuit. The direct pen writer has the advantage that the record can be 
watched at the time of recording pressures and needs no development. 
It is however easily damaged and is limited in size. At the same time the 
maximum frequency response seldom exceeds $0 cycles/sec. 


The ink spray direct recorder has a high frequency response up to 
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several hundred cycles per second and produces a very clear permanent 
record. It has the disadvantage that the record is limited in size and there 
is the possibility that the ink spray system may become blocked. 
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TISSUE CULTURE IN MEDICAL AND 
BIOLOGICAL RESEARCH 


Honor B. Ferri 


Modern tissue culture may be divided into two main branches: cell 
culture and organ culture, and the development of these two methods, 
their difficulties and limitations and the ways in which they may be 
applied to medical and biological problems will be described. In the 
space available the picture can only be presented in broadest outline, and 
much interesting and important material must perforce be omitted. 

Cell culture and organ culture have a common origin in the classical 
experiments of Ross Harrison (1907) on nerve outgrowth. Harrison 
explanted fragments of embryonic amphibian nerve cord in a drop of 
lymph spread on a coverslip which was then inverted and sealed over a 
hollow-ground slide. In this simple hanging-drop preparation he ob- 
served naked nerve fibres sprouting from the piece of cord, and thus 
finally settled the controversy concerning the origin of the axon. During 
the fifty years that followed the publication of these experiments, the 
technique that Harrison inaugurated has developed and expanded to an 
astonishing degree. 


CELL CULTURE 


I will deal first with the evolution and applications of cell culture. This 
may be defined as the cultivation of actively multiplying cells in a histo- 
logically undifferentiated state. 

After Harrison’s papers had appeared, the next step in the progress of 
the technique was Burrows’ discovery (1910) that blood plasma could be 
substituted for lymph as a culture medium. This was soon followed by 
Carrel’s vitally important observation (1912) that the addition to the 
plasma of a physiological-saline extract of embryonic tissues enabled 
many types of cell to be cultivated in vitro indefinitely. For example, when 
a fragment of embryonic chick heart was explanted in a drop of this 
mixture in an ordinary hanging-drop preparation (Fig. 1) similar to that 
used by Harrison, and incubated at body temperature, cells crawled out 
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of the fragment into the nutritive medium where they continued to 
multiply ; after about 36 hours a broad zone of new tissue had been formed 
around the original fragment (Fig. 2). The tissue stopped growing after 
about 2 days, but if it were then cut out of the nutrient clot, washed and 
transferred to fresh medium, growth was resumed. By repeated trans- 
plantation and periodic subdivision the cultures could be maintained ina 
state of active proliferation for long periods. Strict asepsis had to be main- 
tained throughout the procedure. . 
The hanging-drop technique both in its original form and modified 
in various ways for special purposes, remains to this day the method of 
choice for detailed cytological studies on living cells in culture. It is, 








Figure 1. Diagram of a hanging drop culture: (a) in surface view, (b) in longitudinal 
section 


however, a laborious and unsatisfactory way of maintaining long-term 
cultures and has the further disadvantage that it permits only small 
amounts of tissue to be grown. For these reasons Carrel (1923) devised 
the flask technique (Fig. 3). A number of tissue fragments were embedded 
in a thin layer of plasma: embryo-extract clot on the floor of a flat- 
bottomed flask. Above the clot a fluid phase, usually embryo extract, 
was introduced and was renewed every few days. When the clot had 
become completely infiltrated with cells, it was extracted from the flask 
and cut into fragments with which new flasks were seeded. By means of 
this technique, Carrel and his pupils were able to keep strains of cells in 
active growth for years. 

So by 1923, two of the standard methods of cell culture were available: 
the hanging-drop and the flask techniques. In 1933, a third was added, viz. 
Gey’s roller tube method (Gey, 1933). As in the Carrel flasks, the explants 
were embedded in a thin plasma:embryo extract clot on the inner surface 
of a test tube and covered with a fluid phase; the culture tubes were 
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corked and placed in a revolving drum in an incubator. By this means 
the tissue was washed with nutritive fluid at short intervals. Various forms 
of Gey’s roller-tube apparatus are widely used (Fig. 4). 

For many years all cell cultures were made from intact tissue fragments 
or ‘explants’. This had certain disadvantages from the experimental 
standpoint. For one thing the interior of the explants usually became 
necrotic and liberated unknown break-down products into the medium. 
It was also extremely difficult to measure growth accurately. Usually 





Figure 3. Diagram of a Carrel flask. (a) in surface view, (b) in longitudinal section. 


growth was estimated by measuring the area of the zone of outgrowth 
surrounding the original explant; this method was subject to several 
sources of error, the chief being that the increase in area of the outgrowth 
was the resultant of two different processes, viz. cell division and cell 
migration. These difficulties were overcome by reducing the tissue to a 
suspension of single cells. Originally this was achieved in Earle’s laboratory 
by the mechanical disintegration of parent cultures grown in a fluid 
medium (Earle, Sanford & Evans, 1951), but now it is usually done by 
enzymatic digestion. In such cultures the growth-rate could be measured 
by inoculating the vessels with a known number of cells estimated from 
counts made on a standard sample of the inoculum, and then estimating 
the number recovered from the vessel at each subculture when the cells 
were detached from the glass by tryptic digestion. 
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The development of methods for preparing cell suspensions on a large 
scale, opened a new chapter in the technique of cell culture, because it 
made possible the production of mass cultures; we are indebted to Earle 
and his collaborators for spectacular advances in this field. Mass cultures 
are grown in flasks of many different shapes and sizes, but in this country 
the most usual form of vessel is a Pyrex-glass baby’s feeding bottle which 
is both cheap and efficient. 

When tissue culture first appeared on the biological horizon, great 
things were expected of it. The technique was so elegant, the growing 
cells were so aesthetically pleasing, that most people felt that tissue culture 
would immediately lead to major discoveries. Unfortunately, however, 
too many workers were attracted to the fashionable new field, who were 
not equipped with the necessary basic knowledge of cytology, physiology, 
or biochemistry, that would enable them to make practical use of the 
method once they had learnt it, and the result was that tissue culture 
became a curious closed world of its own, and the mass of descriptive 
papers that appeared had little relation to current scientific issues. Not 
surprisingly, the technique began to fall into disfavour. It ceased to be 
fashionable, and this was its salvation. After the interruption of the 
Second World War, the revival of tissue culture was left to those who 
really understood its possibilities and the type of problem for which it 
was suitable. Moreover new microchemical and optical methods had 
greatly extended its usefulness; so the closed world was thrown open and 
tissue culture began to play an increasingly significant part in many 
widely different types of research. 

Although much of the early tissue culture was poor, some excellent 
pioneer research was done at that period, which is sometimes over- 
looked. In particular may be mentioned the beautiful cytological studies 
on living cells by Warren & Margaret Lewis, Giuseppe Levi and his 
pupils and in this country by my old chief T. S. P. Strangeways; these 
observations provided the foundations on which rests much of the modern 
work on living cells in vitro. 

Throughout the history of cell culture, there have been two lines of 
investigation that seem to have attracted more attention than any other. 
The first of these is the attempt to produce stable pure cultures of a single 
cell-type, and the second is the attempt to elaborate a chemically defined 
medium that could replace natural media, i.e. plasma or serum and embryo 
extract, in maintaining indefinite growth. 

Let us consider first the pursuit of that “Will 0” the wisp’: the pure 
culture. Since a normal tissue is a complex of many cell types, an explant 
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naturally produces a mixture of cells during growth in culture; tissue 
culturists were disturbed by this fact and felt that it introduced an error 
into their experiments. It was often found, however, that on prolonged 
cultivation one cell-type predominated over the rest until eventually all 
the cells of the culture had a similar appearance. Such a culture was 
regarded as ‘pure’ and was considered the best material for experiments. 
Doubts remained however; were the cells really all of one histological 
type, or had cells of different types and possibly of different physio- 
logical characteristics merely assumed the same appearance under the 
abnormal conditions in vitro? Moreover, many of these ‘pure strains’ 
proved to be very inconstant in both their cytological and physiological 
features even when grown in the same laboratory. 

It was felt that if only clone cultures each derived from a single cell of 
a known histological type could be established, this instability might be 
eliminated. Various attempts were therefore made to isolate single cells 
and encourage them to multiply, but for many years these efforts were 
in vain and it was assumed that a cell could not survive when isolated 
from its fellows. In 1948, however, Sanford, Earle & Likely succeeded in 
producing the first clone cultures from single cells; the original cells were 
derived from a strain of mouse fibroblasts that at one period had been 
treated with 20-methylcholanthrene. The single parent cell was intro- 
duced into a fine capillary tube and supplied with culture medium. The 
tube was then implanted in a flask containing ‘conditioned’ medium; to 
obtain this medium large cultures of cells were first grown in normal 
medium for 18-24 hours, after which the supernatant fluid was drawn off, 
freed from extraneous cells and introduced into the flask containing the 
capillary tube. The cell in the tube multiplied and eventually its offspring 
emerged from the capillary and proliferated actively in the conditioned 
medium. Recently Earle and his collaborators (Perry, Sanford, Evans, 
Hyatt & Earle, 1957) have succeeded in making clone cultures of adult 
human epidermal cells (Fig. 5) by the same method but without the use 
of conditioned medium. 

Clone cultures of many different types of normal and malignant cells 
have now been established by a number of workers, and recently Puck 
has succeeded in evolving a plating procedure, similar to that used for 
bacteria, whereby clonal cultures can be produced on a large scale from 
cell suspensions. 

It might have been thought that clone cultures would have solved the 
problem of the pure culture. Puck and his co-workers (Puck, Marcus & 
Cieciura, 1956; Puck & Fisher, 1956; Marcus, Cieciura & Puck, 1956; 
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Puck, Cieciura and Fisher, 1957) have found that they can isolate “gene- 
tically uniform’ strains of normal and malignant human cells which are 
very stable in their behaviour during subsequent cultivation. Other in- 
vestigators, however, have encountered remarkable transformations and 
‘adaptations’ to changed environmental conditions in clone cultures of 
animal cells, so that two strains derived from the same parent cell might 
come to differ widely from each other in both morphological and physio- 
logical characteristics. Some remarkable examples of cell transformations 
in clone cultures have recently been demonstrated by Parker (1957) 
(Fig. 6). 

Although in one way this instability of ‘strain’ cultures, whether clonal 
or otherwise, is disappointing, from another standpoint it has proved to 
be one of the most important results that have emerged from cell-culture 
experiments, because some of these transformations were found to repre- 
sent a malignant change and when the transformed cells were transplanted 
into an animal of the same species, a malignant tumour was produced. 
This phenomenon was observed independently by Earle (1943) and by 
Firor & Gey (1945) in ‘strain’ cultures derived from explants. It has since 
been demonstrated in clone cultures in Earle’s laboratory (Sanford, Likely 
& Earle, 1954; Earle, 1957); in the course of these experiments two strains 
of cultures derived from a single normal mouse fibroblast were main- 
tained for five years. During that time the two sister strains developed 
quite different morphological appearances; after 14-2 years, cultures from 
one, known as the ‘high’ strain, when injected into mice produced sar- 
comas in 97 per cent of the animals, while cultures from the other; called 
the ‘low’ strain, yielded sarcomas in only 1 per cent of the inoculated 
animals. After five years in culture, the ‘high’ strain still forms sarcomas 
in over 60 per cent of mice, whereas the ‘low’ strain does so in only 10 
per cent. But the rate of proliferation of the two strains in culture is the 
same, and when injected in small doses, either can act as an antigen to 
both strains and completely block the development of tumours. 

These results strongly suggest that malignancy is merely one of the 
many physiological transformations that cells commonly undergo in 
culture, and the fact that malignancy can now be produced in the test- 
tube offers a new and promising though not an easy approach to the 
problem of the cause of cancer. 

On the other hand it has become very clear that ‘strain’ cultures are not 
suitable for the study of normal cellular physiology. I think that we must 
accept two facts. Firstly, to maintain cells for months or years in a state 
of intense proliferation and enforced functional inactivity, is to produce 
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a grossly abnormal situation which is calculated to modify the cells pro- 
foundly. Secondly, there is little doubt that the different cell types that 
compose a given tissue only behave normally when living in association 
with one another, and it would be rash to assume that the cells of even 
a stable clone strain, such as those isolated by Puck, present a reliable 
physiological picture of their prototypes in the body. 

In view of these difficulties, many of those interested in normal cellular 
physiology are turning their attention to two different types of culture, 
viz. mass cultures of cells freshly isolated from the body and grown for 
short periods only, and organ cultures, with which I shall deal later. 

The second major problem that I mentioned, with which tissue cultur- 
ists have been greatly preoccupied, has been the elaboration of a chemically 
defined medium that would be a complete substitute for natural media. 
The best natural medium, consisting of plasma or serum and extract of 
embryonic tissues, is an intensely complex mixture of proteins and their 
decomposition products, carbohydrates, fats, hormones, vitamins, 
enzymes and much else. Many workers have tried with partial success to 
identify some of the essential components of this witch’s brew, as it is 
obvious that a simpler nutrient of known chemical composition would be 
of great advantage for biochemical and metabolic studies. 

A number of chemically defined, protein-free media have been devised, 
including those of White (1946, 1949), Morgan, Morton & Parker (1950), 
Healy, Fisher & Parker (1955), and of Earle and his associates (Evans, 
Bryant, Fioramonti, McQuilkin, Sanford & Earle, 1956). Some of these 
media contain as many as sixty ingredients: amino-acids, sugars, co- 
enzymes, vitamins, hormones, etc. You would think that nothing that a 
cell could need had been omitted from the menu, yet for freshly isolated 
suspensions of normal cells none of these artificial nutrients are an effective 
substitute for natural media. The cells may survive for a few days, but 
eventually they degenerate; the addition of 5-10 per cent of serum or of 
certain fractions of serum, however, greatly improves growth and 
longevity. Explanted fragments of tissue do much better in artificial 
media than cell suspensions and may survive for many wecks. Although 
freshy isolated normal cells do not thrive in artificial nutrients, it is 
possible to adapt strain cultures to live under these conditions; this is 
sometimes done by feeding the cells on a mixture of serum and chemic- 
ally defined medium and then first reducing and finally omitting the 
serum. There are now several adapted strains which grow vigorously and 
indefinitely in a protein-free, synthetic medium (Evans, 1957). 

Although freshly isolated cell suspensions will not survive long in 
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artificial nutrients, it is possible to establish such cultures in a natural 
fluid medium and, after a few days’ growth, substitute chemically defined 
medium; some types of cells remain apparently healthy for some days. 
Myoblasts have been seen to differentiate into contractile muscle fibres 
under such conditions (Rinaldini and Lucy, unpublished) and short-term 
experiments of this type have been used to study the amino-acid and 
sugar metabolism of cells in culture. 

There is one type of research for which cell culture has proved of 
incalculable value: I refer to virology. Since viruses are parasites of living 
cells, for many years no method could be devised for growing them 
in vitro, which was a severe obstacle to their investigation. But viruses 
were found to multiply profusely in tissue cultures and in this field at 
least cell culture has enjoyed unbroken respectability from the first. 
Mass cultures derived from various cell strains are now widely used. 
The most celebrated of these strains is the ‘HeLa’ which was isolated by 
Gey from a human carcinoma of the cervix. HeLa cells grow fast and 
readily and support the growth of many viruses. Antibiotics are added to 
these cultures which greatly reduces the risk of contamination and does 
not impair the growth of either the viruses or the cells. 

Cell culture methods have now been developed for quantitative assay 
of viruses, for diagnosis and for the production of vaccines, The most 
famous recent example of this third application of cell culture to virology, 
is of course the production of the Salk poliomyelitis vaccine which was 
made possible by the discovery by Enders, Weller & Robbins (1949) that 
the poliomyelitis virus grows profusely in cultures of human tissues. 

The history of the Salk vaccine provides an interesting example of how 
a piece of purely academic research may lead to results of the greatest 
practical importance. When Ross Harrison published his experiments on 
the outgrowth of nerve fibres from explants of a tadpole’s spinal cord, 
no one would have dreamed that in less than fifty years this fundamental 
study would lead by a long series of logical but unplanned steps, to the 
manufacture of a vaccine to protect children from poliomyelitis. Those 
who would like to see all research planned from above with immediate 
practical applications clearly in view, might do well to consider this 
strange yet typical story of scientific progress. 


ORGAN CULTURE 


As I have already mentioned, cell cultures completely lose the charac- 
teristic histological structure and all or most of the normal physiological 
functions of their parent tissues; obviously, therefore, they cannot be 
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used to investigate the reactions of differentiated tissues in vitro. For this 
reason organ culture has recently been attracting an increasing amount of 
attention; it may be defined as the cultivation of tissue in a differentiated, 
functional state similar to that of the corresponding tissue in the body. 

While the main technical advances in cell culture are largely due to 
American workers, organ culture originated in this country and has been 
developed chiefly in Europe, although lately some fine results have also 
been achieved in the United States. The first organ cultures were made 
in 1914 by Dr David Thomson who noted that isolated feather rudiments 
and pieces of limb bud from chick embryos continued to enlarge as a 
whole when grown in hanging-drop preparations; he did not examine 
the cultures histologically, however, or pursue the matter further. 
Maximow (1925) and Chlopin (1922) found that fragments of mam- 
malian embryos underwent some development in culture, and in 1926 
the late Dr Strangeways and I began the culture of isolated organ rudi- 
ments which at that time we grew on a plasma-embryo extract clot at 
the bottom of a small centrifuge tube. Using this simple method, we 
showed (1926) that eye rudiments from 3-day chick embryos when 
cultivated in vitro would form a well developed retina with all the 
characteristic layers, including the cones, nuclear and reticular layers, 
pigment cells and lens fibres. After Dr Strangeways’ death in 1927, we 
continued this line of work and for some years my colleagues and I at 
the Strangeways Laboratory were the only people engaged in organ 
culture; then Professor Peter Gaillard of Leiden entered the field and now 
excellent work is being done in a number of laboratories. 

From the technical standpoint the objectives of organ culture differ 
from those of cell culture. In the first place it is desirable to keep the 
explant as compact as possible; for this reason extensive cell-migration 
is discouraged as it tends to disrupt the histological architecture. Since the 
explant has no blood circulation, it must receive its food supply, excrete 
its waste products and conduct its gaseous exchange entirely through its 
outer surface; thus profuse cellular multiplication is undesirable, because 
if the mass of tissue grows too large, the interior will become necrotic. 
Ideally, once the explant has attained an optimal size, cellular multi- 
plication should just balance cellular degeneration as in normal adult 
tissues in the body. . . 

The purpose of organ-culture experiments is to investigate the func- 
tional activities of differentiated tissues under the simplified conditions 
afforded by culture in vitro. Long-term experiments are rarely needed, 
and usually there is little point in maintaining the cultures for more than 
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a month at most; sometimes a few days suffice. Organ culture is somewhat 
laborious, because usually the tissue has to be studied histologically in 
serial sections as the changes that take place in these compact explants 
are seldom distinguishable in detail in the living material, 

A variety of culture vessels are used. In my experience the exact form 
of the vessel is unimportant and provided that certain conditions are 
fulfilled, it can be modified to suit the particular type of experiment 





Figure 7. Diagram of a watch-glass culture; (a) surface view, (b) i : 
H. B. Fell). (4) , (b) in section (after 


that is to be done. For most explants, one of these conditions is that the 
tissue should be placed on the surface of a relatively deep layer of medium 
and provided with an ample air space. At the Strangeways Laboratory 
we commonly use a simple form of moist chamber (Fig. 7) consisting of 
a watch glass enclosed in a Petri dish carpeted with cotton wool saturated 
with sterile distilled water; the culture medium, usually fowl plasma and 
chick embryo extract, is placed in the watch glass and when it has formed 
a firm clot, the explants are deposited on the surface. Every few days 
the tissue is detached from the clot, washed and transferred to fresh 
medium. If a fluid medium is required, the explants are supported on a 
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raft of lens paper (Chen, 1954) or rayon cloth treated with silicone 
(Shaffer, 1956) floating on the surface of the fluid. When the explants 
are to be transplanted, the raft with the tissue attached is lifted off the 
old medium and placed on fresh fluid. The raft methods are particularly 
useful for cultivating an actively secreting organ like the pancreas, 
because if the secreting tissue is grown on a clot, its products cannot 
diffuse away readily and may poison the cells. Rayon cloth has the 
advantage over lens paper that it is freely soluble in acetone, so that the 
explants can be fixed in situ, dehydrated and then the rayon fibres can be 
removed with acetone before the tissue is placed in the clearing agent. 
The rayon method is also excellent for cultivating flat tissues on a solid 
clot. Explants of, e.g. skin or vagina grown directly on the coagulum, 
contract when detached and soon become completely epithelialized; this 
leads to early degeneration, but the contraction can be prevented by 
growing the tissue on rayon squares. 

Embryonic organs thrive much better in culture than those of adults. 
Martinovitch, however, has successfully cultivated a number of endo- 
crine organs by a special technique (Martinovitch, 1951). Recently 
Trowell (1959) has elaborated a very useful method whereby fragments 
of adult organs are kept in an atmosphere of oxygen and nourished by a 
synthetic medium; many tissues remained surprisingly healthy and active 
for 6-10 days (Fig. 8), a period that is quite long enough for many types 
of biochemical and physiological experiments. 

For some years organ culture was applied mainly to morphological 
problems. Many rudiments displayed a remarkable capacity for self- 
differentiation in vitro and some, especially those of skeletal elements, 
not only developed histologically but acquired many of their character- 
istic anatomical features in the absence of normally adjacent parts. These 
facts were not only interesting in themselves, but they made possible a 
wide range of embryological experiments; the developmental potencies 
of different regions of embryonic tissue could be analysed before visible 
differentiation had appeared, morphogenic movements could be investi- 
gated, and the relative importance of extrinsic and intrinsic factors in the 
development of a rudiment could be determined. 

Recently the interrelationship and mutual influence of cells and tissues 
of different types has received much attention. This is due to Moscona’s 
introduction of trypsin digestion (Moscona, 1952) as a means of cleanly 
separating embryonic epithelia from their underlying connective tissue 
or, with more drastic treatment, of completely disintegrating an organ 
rudiment into its component cells. After such enzymic dissection, the 
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tissues or cells can be recombined in various ways and will then rediffer- 
entiate. Thus in one series of Moscona’s original experiments (Moscona & 
Moscona, 1952), the kidney (mesonephros) of a 4-day chick embryo 
was disintegrated into a suspension of single cells (Fig. 94) which were 
then allowed to reaggregate and redifferentiate as tiny organ cultures. 
The original embryonic kidney consisted of tubules and stroma, and when 
the cell-aggregates were examined histologically, it was found that the 
cells had arranged themselves according to histological type and again 
differentiated into tubules and connective tissue (Fig. 9B). 

Recently one of my young colleagues, Miss C. B. McLoughlin, digested 
the epidermis from the limb-buds of 4-s-day chick embryos and re- 
combined the sheets of epithelium with the wall of the gizzard rudiment 
which had been deprived of its own epithelium The transplanted epi- 
dermis throve in its new environment and formed cysts, but it failed to 
keratinize and usually secreted a little mucin. In controls, epidermis 
recombined with limb-bud mesoderm keratinized profusely. 

Excellent work on the interaction of embryonic tissues is being done in 
Paris by Etienne Wolffe and his collaborators and in the United States 
by C. Grobstein. 

Organ cultures are very favourable material on which to study the 
direct effects of such biologically active compounds as vitamins, hormones 
and carcinogens, and are being increasingly used for this purpose. In 
general, the response of differentiated tissues in culture to these substances 
is qualitatively similar to that of the corresponding tissues in the body, 
but quantitatively they may be different. Often the response is greater 
in vitro than in vivo, because a compound that has been added to the 
culture medium cannot be removed by excretion. When a negative result 
is obtained, it should be interpreted with caution; it may imply that the 
agent has no direct action on the particular tissue under investigation, 
but it may also mean either that the compound is insoluble in the medium 
or that it has been rapidly broken down and inactivated by the medium, 
especially if embryo extract is present. 

I will mention a few examples of experiments in which biologically 
active compounds produced similar effects in organ culture to those 
obtained in the intact animal. In the body, excess vitamin A causes 
osteoporosis and hastens the resorption of cartilage; added to the culture 
medium, it results in the rapid disappearance of entire limb-bone rudi- 
ments (Fig. 10) (Fell & Mellanby, 1952). In animals suffering from vitamin 
A deficiency, the respiratory and other mucous epithelia undergo squam- 
ous metaplasia and keratinize; in culture the converse effect can be 
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obtained, and excess vitamin A in the medium transforms the squamous 
keratinizing epidermis of explanted embryonic skin into a mucus- 
secreting, sometimes ciliated epithelium (Fell & Mellanby, 1953; Fell, 
1957). The thyroid hormones accelerate skeletal differentiation both in 
vivo and also in explanted bone-rudiments (Fell & Mellanby, 1955, 1956) 
Parathormone induces bone resorption in the animal; Gaillard (1957) 
has demonstrated the same effect in organ cultures of bone. Insulin 
produces a heavy deposition of glycogen in brown fat in vivo and also 
in vitro (Sidman, 1956). Lasnitzki has shown that chemical carcinogens 
cause an epithelial hyperplasia in explants of mouse prostate gland (Fig. 11) 
(Lasnitzki, 1951) or human foetal lung (Lasnitzki, 1956), that resembles a 
precancerous change in vivo. Many other examples of the parallel effects 
of chemical compounds in vivo and in vitro might be quoted. 

In analysing the physiological changes produced by chemical agents 
in organ cultures, we have found autoradiography extremely useful, and 
in our laboratory much work is done with this technique in collaboration 
with Dr Stephen Pelc of the Medical Research Council’s Biophysics 
Unit at King’s College, London. Labelled metabolites of various kinds 
are added to the explants for different periods after which the tissue is 
fixed and sectioned. Photographic film is superimposed on the sections 
(Doniach & Pelc, 1950), the slides are kept in the dark for days or weeks 
and the films are then developed. A black deposit of silver appears over 
those parts of the sections which contain radioactive material. The 
section beneath the film can be stained and a complete correlation estab- 
lished between the distribution of the labelled material and the histo- 
logical structure of the explants. I will mention one example of the sort 
of result that can be obtained by this method. Dr Pelc and I have found 
that two effects of excess vitamin A on organ cultures of embryonic 
chicken skin are to inhibit the uptake of cystine and increase that of 
inorganic sulphate, while the utilization of leucine appears to be the same 
as in the controls. 

The metabolism of organ cultures can also be investigated by ordinary 
micro-chemical methods. The respiration and glycolysis of explants 
which had been grown under different experimental conditions can be 
measured in a Barcroft-Warburg apparatus, or the tissues can be cultivated 
for short periods in a chemically defined, protein-free medium and their 
uptake of different amino-acids estimated by means of Moore & Stein’s 
chromatographic method (Biggers, Webb & Parker, 1957). 

I have indicated here the main lines along which tissue culture has 
evolved since 1907, and how the various methods that have been elabor- 
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ated can be utilized in different fields of medical and biological research. 
I have tried to deal as realistically as possible with the subject, because 
the technique can result in a time-consuming waste of money when 
applied to unsuitable problems by people who lack the necessary funda- 
mental training in cell biology. On the other hand, cell culture and organ 
culture are valuable tools if properly handled and if the possibilities and 
limitation of each are clearly understood. 
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Figure 2. Photograph of a living culture of embryonic chick heart, showing the 
original explant surrounded by a broad halo of new growth (culture by D. G. 
Harnden). 


Figure 4. Roller-tube apparatus with variable speed drive and own incubator 
(designed for use at the Strangeways Research Laboratory by J. C. Heath and 
C. E. Mallows). (a) Front view. (b) Side view. 


Figure 5. Living clone culture derived from a single cell from a 3-year strain of adult 
human epidermis; after 5 days’ incubation the cells have migrated through the open 
end of the capillary into the plasma of the culture flask (after Perry, Sanford, Evans, 
Hyatt and Earle). 


Figure 6. Nest of altered cells in a clone derived by single-cell isolation from a culture 
of monkey kidney epithelium. Note the unaltered epithelial cells surrounding the 
nest of altered cells (after R. C. Parker). 


Figure 8. Whole pituitary of 60 g. rat cultured for 6 days in synthetic medium (T8). 
From top left to bottom right: pars anterior, intraglandular cleft, pars intermedia, 
pars nervosa (after Trowell). 
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Figure 9. (a) Smear of cell suspension of a completely disintegrated mesonephros. 
(b) Section through a 3-day culture of aggregates of mesonephric cells, showing 
differentiated tubular structures embedded in a network of fibroblasts (after A. and 
H. Moscona). 


Figure 10. Serial photographs showing the effect of excess vitamin A on the femur 
rudiment of a 6-day chick embryo. (a) control femur grown in normal medium 
for 8 days (watch-glass culture); (b) opposite femur from the same chick grown in 
medium containing 1000 i.u. synthetic vitamin A alcohol/too ml.; the rudiment 
has almost completely disintegrated (cultures by H. B. Fell; photographs by V. C. 
Norfield). 


Figure 11. (a) Prostate gland of a 3 months old mouse grown for 3 weeks in normal 
medium. (6) Similar gland grown for 11 days in the presence of 20-methylcholan- 
threne (4 g/ml.) followed by cultivation for 10 days in normal medium. Note: 
hyperplasia and squamous metaplasia of the alveolar epithelium and absence of the 
interalveolar stroma (cultures by I. Lasnitzki). 
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TISSUE TRANSPLANTATION 


L. BRENT 


INTRODUCTION 


The problems of tissue grafting continue to excite the interest of 
surgeons and experimental biologists alike. Although great progress has 
been made in the analysis of the genetic and immunological basis of tissue 
incompatibility (for recent reviews see Gorer, 1956; Snell, 1957; Medawar, 
1958a and b; and Brent, 1958), many gaps are still painfully evident in 
our knowledge of the precise sequence of events which ultimately leads 
to the rejection of foreign tissue grafts in human beings and experimental 
animals. From the point of view of the surgeon the central problem—how 
to make foreign tissues or organs acceptable to their human recipients— 
certainly remains wholly unsolved. Yet even here it is possible to discern 
a chink in the armour, for it has recently been shown, admittedly by 
methods which cannot be applied to the human subject, that the capacity 
of laboratory animals to react against foreign grafts can be completely 
abrogated. 

In the main, experimental investigations have so far been concerned 
with the difficulties which arise when tissues are grafted between indi- 
viduals of the same species (Shomografts’) rather than with the even more 
complex problems encountered in ‘heterotransplantation’, in which the 
donor and the recipient belong to different species. The techniques dis- 
cussed here will therefore have special though not exclusive relevance 
to the study of tissue homografts. 

It is no longer disputed that the destruction of homografts is due to an 
immunological reaction, the tempo and strength of which are largely 
determined by genetic differences between donor and recipient. There are, 
of course, several exceptional situations to which this general rule does 
not apply: for example, identical twins do not react against each other’s 
tissues because there are no genetic differences between them, and the 
cornea can be transplanted successfully because it does not normally 
become vascularized, with the result that it remains physically isolated 
from the recipient’s centres of response. The leading questions which 
workers in this field are still endeavouring to answer fully are: (a) Why 
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are homografts unacceptable to their recipients, (b) how is their destruction 
accomplished, and (c) by what means might it be possible to avoid or 
circumvent the recipient’s immunological response? 

As the techniques of immunology, genetics and general cell biology 
become more and more complex, so the experimental tools used by 
students of tissue transplantation tend to become more complex and 
varied. Indeed, there is hardly a technique in experimental biology which, 
in one form or another, has not been brought to bear upon the manifold 
problems of tissue incompatibility. It is therefore self-evident that this 
account will be very far from complete. 

A few well established techniques which should continue to be in- 
valuable tools in future investigations will be singled out. Although many 
different types of tissues and organs (such as neoplastic tissues, the ovary, 
kidney and endocrine organs) are being used to good effect in many 
laboratories, the grafting of skin will be described because, of all normal 
tissues, skin is probably the one that lends itself most readily as an indi- 
cator of tissue incompatibility: not only can it be transplanted ortho- 
topically with great ease and without causing the recipient undue stress, 
but its fate can be assessed accurately both by visual inspection and by 
microscopic study of biopsy specimens. Nor should it be forgotten that, 
although there is not the space to describe them here, the special techniques 
of genetics (especially as applied so brilliantly to the mouse by Snell, 
Gorer and their colleagues), of pure immunology, tissue culture and 
radiology have made fundamental contributions to our present knowledge 
in this field. 

Skin Grafting 

Although there are other methods of skin grafting in mammals, those 
used at University College will be described because they are both simple 
and dependable (for a detailed account, see Billingham & Medawar, 
1951). Moreover, discussion will be limited to the transplantation of 


full-thickness grafts, for these are likely to be of the most general interest 
and application. 


(a) RABBITS 


In the rabbit, full-thickness grafts are removed from the donor’s ears 
as discs 10-12 mm. in diameter, the ears first having been shaved and 
swabbed with a o-r per cent. solution of ‘Cetavlon’ in 70 per cent. alcohol. 
The grafts are cut with a No. 12 scalpel, the skin being somewhat raised 
with the aid of ‘pinch forceps’-—fine watch-maker’s forceps bent inwards 
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at their tips (Fig. 1). The donor sites are simply dusted with sulpha- 
diazine powder and left to heal, which they do with remarkable rapidity 
provided that they are separated from each other by at least 1 mm. width 
of normal skin. The skin grafts are placed on filter-paper moistened with 
normal saline, and the subcutaneous fat, connective tissue and the panni- 
culus carnosus (a layer of striped muscle underlying the skin of mammals) 
are carefully snipped away with curved scissors. Provided that they are 
kept moist, the grafts can be kept at room temperature for several hours, 
and at 5° C. for a day or more, without significant loss of viability. 

There are two alternative methods of preparing the graft bed on the 
shaved thoracic wall of the recipient rabbit, each with its own merits. 
The first depends upon the preparation of a large defect, 5-6 cm. square, 
on which the grafts are placed in such a manner that they remain well 
isolated from the surrounding host skin (Fig. 2). The bed is prepared by 
the removal of the skin down to the level of the panniculus carnosus, 
which it is important to leave intact because it provides a suitable and 
richly vascularized substratum for the grafts. Once the outline of the 
graft bed has been defined by shallow vertical incisions down to the 
panniculus carnosus, the skin can be dissected away fairly easily by re- 
flection of the skin with dog-toothed forceps and smooth strokes of an 
almost horizontally held No. 21 scalpel. Small dermal remnants must be 
scrupulously removed in order to prevent the regeneration of host epi- 
thelial cells below and around the homografts. 

Once the grafts are in place, the area is lightly dusted with sulpha- 
diazine powder and covered in turn with vaseline-impregnated gauze 
(tulle gras) and a pressure pad consisting of several layers of gauze cut 
to the size of the graft bed. The thorax is firmly bandaged and finally 
wound with a length of plaster-impregnated bandage (‘Gypsona’) which, 
by stiffening the bandage, prevents the grafts from becoming dislodged. 

For the operations on both donor and recipient, and for subsequent 
graft biopsies, the rabbits are anaesthetized with intraperitoneally injected 
‘Nembutal’, which may be supplemented by ether if necessary. All 
operations are carried out with standard sterile precautions, but strict 
sterility (e.g. gloves and mask) are quite unnecessary. 

The second method of grafting in the rabbit makes use of ‘fitted’ as 
opposed to ‘open-style’ grafts. Though quicker and easier to use, its 
disadvantage lies in the close proximity of the host’s own skin. Small 
circular defects are prepared on the thoracic wall with a No. 12 scalpel 
and pinch-forceps, and again it is vitally important that the panniculus 
carnosus and its associated blood vessels should not be damaged if healing 
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and vascularization of the grafts are to be prompt. Grafts of almost the 
same size as that of the individual beds are put into place, and the area is 
dressed as described above. 


(b) MICE 

In mice, the fitted graft is by far the most practicable. In this instance 
full-thickness grafts are removed from the carefully clipped (but un- 
shaved) skin of the donor’s back. In order to ensure standard conditions 
and rapid healing, skin in an active phase of the hair-growth cycle should 
be avoided. In the mouse the panniculus carnosus is bound rather firmly 
to the dermis, and it is therefore always attached to the freshly cut graft. 
Once again it is of the greatest importance that this layer should be 
removed from the graft; firm scraping movements with a No. 15 scalpel 
will usually detach it in one clean sheet. 

The recipient’s fur is closely clipped on one side of the thorax and, 
without being shaved or wetted, the area is covered with a thin film of 
plasticized collodion, which serves to ‘fix’ the remaining hair stumps. 
Because of the firmness with which the dermis is attached to the under- 
lying panniculus carnosus the graft bed must be prepared with special 
care. The skin is snipped away with fine curved scissors (kept moist with 
normal saline) until a circular defect of suitable size has been created 
(Fig. 3). Neither the panniculus carnosus nor the subintegumentary blood 
vessels should be damaged, and small dermal remnants must again be 
carefully dissected away. The graft is blotted lightly with sterile gauze 
and put into place. Ideally, the bed should be slightly larger than the graft 
it is intended to hold. The area is now covered with a piece of very fine 
tulle gras and the thorax immediately bandaged with a length of Gypsona 
bandage (7 in. long, 3 in. wide), no pressure pad or ordinary bandage 
being required (Fig. 4). 

The mice are anaesthetized with Nembutal. It is advisable to make up 
a solution from the solid substance (7 mg./ml.), and this can be stored in 
sealed ampoules in a deep freeze. The anaesthetic dose, which is given 
intraperitoneally, is o-1 ml. for every 10 g. of body weight; the same 
dose applies to the commercially dispensed solution, provided that it is 
first suitably diluted (1 vol. Nembutal solution; 8 vols. normal saline) 
Occasionally supplementary ether may have to be administered. 

It should be stressed here that the mouse is a particularly versatile 
animal for studies in tissue transplantation: numerous inbred strains are 
available, each member of a given strain being so like every other member 
that skin or other tissue grafts can be transplanted between them without 
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Figure 1. Full-thickness pinch grafts being removed from the ear of a rabbit. 





Figure 2. Rabbit skin homografts and autografts immediately after transplantation in 
‘open style’ to the thoracic wall of the recipient. Note that the panniculus carnosus 
with its associated blood vessels has been meticulously preserved. 





Skin grafting in the mouse: the fully prepared graft bed with its intact 


Figure 3. \ 
panniculus carnosus and blood vessels. 
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Figure 5. Skin grafting in the guinea-pig: fully prepared graft bed with intact 
panniculus carnosus and blood vessels. Note that the graft already in place is pig- 
mented, the pigment serving as a useful marker. 


The autografts are healthy and their epidermis is beginning to spread over the 
granulation tissue of the bed; by contrast, the homografts are 
and swollen, and there are no signs of outgrowing epithelium. 


Figure 6. Rabbit skin homo- and autografts 9 days after transplantation in open style. 


grossly discoloured 
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the intervention of the homograft reaction. Such isografts are essentially 
analogous to autografts, which are transplanted back to the donor itself. 
With certain experimental designs, as for example in the induction of 
immunological tolerance or the transfer of ‘adoptive’ immunity (see 
below), the use of inbred strains is not only desirable but obligatory. 


(c) GUINEA-PIGS 


Skin grafting in the guinea-pig is similar to the ‘fitted’ graft technique 
already described for rabbits. Pinch grafts are removed from the donor, 
preferably from the abdomen because the skin is thinner there than it is 
on the back, and they are carefully trimmed—the removal of all subcu- 
taneous fat, the panniculus carnosus and even the deepest layers of the 
dermis being here especially important. The graft beds are prepared by 
dissection with a No. 12 scalpel, and in view of the relatively firm binding 
between the dermis and the panniculus carnosus great care must be taken 
not to damage the latter, or to leave behind subcutaneous fat and the bases 
of hair follicles (Fig. 5). Depending on the size of the animal, 3 or 4 grafts 
(10-12 mm. in diameter) can be transplanted with safety. Once the grafts 
are in place the procedure for dressing is the same as for the rabbit—with 
one exception: because of the cylindrical shape of the guinea-pig it is 
necessary to prevent the bandage from slipping by the application to the 
surrounding skin of a smear of surgical spirit gum (Mastisol). 


(d) CHICKENS 

In chickens and other avian species we have followed the technique of 
Cannon & Longmire (1952), which is particularly suitable for very young 
birds. The donor site is gently plucked and covered with a fairly thick 
layer of plasticized collodion, which is allowed to dry thoroughly. Full- 
thickness grafts are removed with scissors and trimmed of all fat; the 
collodion prevents the grafts from curling up and contracting. The 
recipient’s back is similarly plucked and covered with collodion in order 
to prevent the graft bed from gaping, and a full-thickness defect is prepared 
to one side of the mid-dorsal line. The graft is now placed on to the 
exposed muscle bed (there is no panniculus carnosus in birds) and, once 
bleeding has stopped and the area has been dried, it is covered with a very 
thick layer of collodion, no other dressing being required. Ether anaesthesia 
is generally quite satisfactory. 


The Fate of Skin Homografts 


The grafts become fully vascularized within 48 hours of transplantation, 
and for the first 5 or 6 days they are almost indistinguishable from auto- 
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grafts, i.e. they are pink and have the healthy and hyperplastic epithelium 
which is so typical of autografts of the same age. However, the grafts are 
at this stage already being infiltrated by host round cells (chiefly lympho- 
cytes), and soon there are signs of inflammation, vascular upheavals, and 
epithelial destruction. In general, this process of necrosis is completed 
within 8-12 days after transplantation: the epidermis becomes pasty and 
can be scraped off with ease, and when allowed to dry the grafts soon 
turn into red scabs which contract with time (Figs. 6, 7, 8, 9); they are 
eventually undermined by the ingrowing native epithelium (Fig. 10). 

In the rabbit or guinea-pig, serial biopsy specimens can be removed at 
regular intervals. The histological interpretation of ‘open-fit grafts’ is 
probably somewhat easier because it is possible to avoid the inclusion of 
native epithelium with the biopsy specimen. Although in the mouse it is 
not feasible to transplant more than one or two standard grafts to each 
animal, the principle of serial biopsy can be applied to groups of inbred 
recipients. 

The fate of skin grafts on pre-immunized animals, i.e. animals which 
have already reacted against tissue grafts from the donor or animals of 
the donor strain, is rather different. Healing of the grafts is generally very 
feeble, and vascularization—if it occurs at all—is poor. The epithelium 
never goes through that period of hyperplasia which is so characteristic 
of ‘first set’ homografts, and it is destroyed much more quickly: micro- 
scopic examination of six-day biopsy specimens usually reveals little or no 
surviving epithelium. This biological proof of immunity still remains 
the most reliable and convincing test at our disposal. 


Induction of Immunological Tolerance 


The discovery of the phenomenon of actively acquired tolerance of 
foreign tissue grafts (for details see Billingham, Brent & Medawar, 1956) 
has provided students of transplantation immunity and malignant growth 
with a useful experimental tool. Although tolerance of tissue homografts 
has been induced in a number of species, the mouse and the chicken are 
perhaps most suitable for experiments of this kind—the former because 
of the availability of inbred strains, the latter because of the easy accessi- 


bility of the embryonic circulation. 


(a) MICE 


The principle of tolerance induction in mice is very simple (Fig. 11). A 
cell suspension prepared from the tissues of adult or embryonic mice 
belonging to the donor strain X is injected into the embryos or newborn 
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Figure 7. Rabbit skin homo- and 
autografts 9 days after transplanta- 
tion in fitted style. The homografts 
are now discoloured and swollen, 
and on drying they form hard, 
brown scabs. The autografts are 
healthy with a well defined dermal 
pattern due to the hair follicles. 





Figure 8. CBA skin homograft 10 
days after transplantation to an A 
strain mouse. The graft’s epithelial 
elements have been totally des- 
troyed, and on exposure to air the 
dermis soon dried out to become 
a red, semitransparent scab. 










Figure 9. Guinea-pig skin homo- 
grafts 10 days after transplant- 
ation. Epithelial destruction is com- 
plete, {and on drying the grafts 
become brown and hard. 


Figure 10. Rabbit skin homo- and 
autografts 15 days after transplant- 
ation in open style to the thoracic 
wall of the recipient. The homo- 
grafts are reduced to much con- 
tracted scabs which are being 
undermined by epithelial out- 
growth from the expanded auto- 
grafts. 
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Figure 12. Illustrating the intravenous injection of newborn mice: injection into the 
orbital branch of the anterior facial vein using a No. 30 gauge needle. 





Figure 14. Illustrating the intravenous injection of newborn mice: injection into the 
sigmoid sinus using a No. 30 gauge needle. ; 
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mice of the recipient strain Y. As soon as the recipients are large enough 
to be grafted with skin (in practice 5-6 weeks after birth) they receive a 
graft from a member of the X strain. If the survival time of the test graft 
is significantly extended it may be inferred that at least some measure of 
tolerance has been conferred upon the recipient by the injection of 
homologous cells early in life; if the graft survives in an autograft-like 
condition indefinitely, tolerance may be assumed to be complete. 
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Figure 11. Illustrating the induction of tolerance in mice. (1) Excision of donor 
spleen and preparation of cell suspension ; (2) injection of cells intravenously into 
newborn mouse of a different strain; (3) transplantation of donor strain skin graft 
to the adult cell recipient. (By permission of the Editor of the Glaxo Volume.) 


Tolerance of homologous tissue grafts can be brought about in a wide 
variety of mouse strains by the intravenous injection of newborn animals 
(Billingham & Brent, 1957, 1959). The technique is as follows. Suitable 
cell suspensions are injected either into the orbital branch of the anterior 
facial vein (Figs. 12, 13) or into the sigmoid sinus (Fig. 14). The baby 
mouse must be held by an assistant, and the application of a thin film of 
liquid paraffin helps to render the overlying skin more transparent. The 
use of a No. 30 gauge needle (diameter 0-3 mm., bore 0:2 mm.) is essential, 
but the use of optical aids (such as an ophthalmic surgeon’s loupe) is not. 
Volumes of 0-05 ml. containing up to 10 million spleen or bone marrow 
cells can be injected with complete safety provided that extensive bleeding 
is prevented by gentle pressure with a micro-swab. 
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Spleen cells can be prepared quickly and in large numbers, and they are 
therefore frequently used for the induction of tolerance. They do, 
however, have the serious drawback of causing ‘runt disease’ (see below) 
in certain strain combinations, and suspensions of bone marrow cells may 
therefore be preferred. To obtain spleen cells, large tissue fragments are 
gently pressed through a stainless steel sieve (250-300 holes per cm.?) 
with a glass pestle and taken up in Ringer-phosphate (pH 7°6). Gentle 
pipetting will break up some of the larger cell clumps, and the cells are 
then washed by low speed centrifugation and resuspended in a small 
volume of the medium. The larger cell clumps are now allowed to settle 
out and the supernatant fluid, which contains chiefly isolated cells, is used. 
A dose of 4-6 million cells constitutes an effective tolerance-inducing 
stimulus. 

Bone marrow cells are obtained from the femurs. They are simply 
flushed out with a jet of Ringer-phosphate and suspended by gentle 
pipetting. Again it is necessary to wash the cells and to avoid the larger 
cell clumps. 

The intravenous injection of homologous cells into newborn mice 
renders many of the recipients incapable of reacting against the tissues of 
the donor strain, with the result that their test grafts survive indefinitely 
(Fig. 15). The experimental design of ‘adoptive immunity’ (see below) 
has helped to establish that this incapacity, which applies only to those 
tissue antigens with which the young animals had been confronted in 
early life, is due to fundamental adaptive changes in the animals’ lymphoid 
cells. The incidence and degree of tolerance depend to a large extent on 
the genetic relationship between the donor and recipient strains, and 
therefore vary widely with different strain combinations. 

In order to be able to follow the fate of skin homografts in tolerant 
animals over long periods, it is clearly desirable to use donor and recipient 
strains which differ in the pigmentation of their hairs. When this is not 
possible, the test graft should be so oriented that its direction of hair- 
growth differs from that of the host skin. 


(b) Brrps 


In birds, tolerance can be induced by the injection of homologous 
tissue cells (e.g. whole blood or blood leucocytes) into one of the chorio- 
allantoic veins of embryos (Fig. 16); see also Cannon, Terasaki & Long- 
mire, 1957) or—better still—by embryonic parabiosis. The latter technique, 
which was ingeniously devised by HaSek (1953a and b), leads to a very 
high degree of mutual tolerance in the parabionts. Circular holes are cut 
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Figure 15. Strain A mouse which had been made tolerant of C57 tissues by the 
intravenous injection of C57 bone marrow cells soon after birth. The skin graft was 
transplanted 4 months ago and is still in perfect condition. 





Figure 16. Injection of homologous cell suspension into one of the chorioallantoi 


veins of an 11-day old chick embryo. The vein is clearly visible through the intact 


shell membrane 
with a thin film of liquid paraffin 


(the shell itself having been removed) provided that it is covered 


ing p. ©4 
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Figure 17. Parabiosis of 11-day 
old chick embryos: the exposed 
chorioallantoic membranes are 
brought together, and a plasma 
clot containing embryonic tis- 
sue fragments is inserted be- 
tween them to act as a ‘bridge’ 
(see text). The eggs are then 
sealed off with molten wax. 





Figure 18. White Leghorn cock 
which had been in embryonic 
parabiosis with a Rhode Island 
hen from the 11th day of incu- 
bation until hatching. It was 
grafted with skin taken from 
its parabiont partner soon after 
hatching and found to be fully 
tolerant. 








Figure 19. Illustrating the consequence of an immunological reaction by transplanted 
homologous cells against the tissues of the host. The A strain ‘runt’ bad been Sear aa 
intravenously with adult C3H spleen cells soon after birth, and s2 days later w Re 
grossly retarded in development compared with its uninjected litter-mate The cant 
died soon after and was found to suffer from the extreme lymphoid hes yplasi 
which is a characteristic feature of ‘runt disease’. gti aes 
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into the shells of two fertile eggs of the same age (in chickens, eggs which 
have been incubated for ten to twelve days are suitable), the shell mem- 
branes are removed, and the eggs rotated so that the exposed chorioallan- 
toic membranes are brought together. Some kind of tissue ‘bridge’ such 
as the blastoderm of a one day old embryo, or a plasma clot containing 
small fragments of embryonic tissue, is inserted between the membranes 
(Fig. 17) and the edges are sealed with molten wax. The eggs are now 
incubated together. The tissue bridge is soon invaded by blood vessels 
from both chorioallantoic membranes and vascular anastomosis occurs, 
thus leading to a continuous exchange of blood between the developing 
embryos. After hatching, skin grafts are exchanged between the para- 
bionts, and full tolerance can usually be demonstrated (Fig. 18; see Hasek 
& Hraba, 1955; Billingham, Brent & Medawar, 1956). Embryonic 
parabiosis also leads to a more or less permanent state of red cell chimerism. 
Using the technique of parabiosis, Hasek and his colleagues (see Hasek, 
1956) have also demonstrated that the capacity of antibody formation 
against heterologous tissue antigens may be considerably suppressed. 


Reaction of the Graft against its Host 


The living homologous cells used for the induction of tolerance persist 
and proliferate in their tolerant hosts (Billingham & Brent, 1957, 19 59). 
If they are immunologically ‘competent’ adult cells one might expect 
them to react against the tissue antigens of the host, for adult cells are 
hardly likely to become tolerant of the host tissues. The possibility of such 
a ‘graft-versus-host’ reaction was foreseen by Dempster (1953) and 
Simonsen (1953) on the basis of histological studies on homotransplanted 
kidneys in normal dogs, and it has recently become a practical issue in 
tolerant animals. It has been found that some of the mice injected at birth 
with spleen, thymus, lymph node or blood cells suffer from a well defined 
syndrome (‘runt disease’) which in its acute form consists of a gross 
retardation in development accompanied by acute diarrhoea, and which 
usually ends in death within two or three weeks of injection (Billingham 
& Brent, 1957, 1959, Fig. 19). Such mice suffer from extreme hypoplasia 
of their lymphoid organs, many lymph nodes being undetectable at the 
time of death. The incidence and violence of the disease depends to a 
large extent on the degree of genetic disparity between donor and host 
strains, as well as on the cell type used and the number of cells injected; 
it does not occur at all with very closely related strains, and the use of 
bone marrow cells confines it to a subclinical condition. There can be no 
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doubt at all that runt disease is caused by an immunological reaction of 
the homologous cells, even if the final cause of death has yet to be 
ascertained. 

A condition analogous to runt disease has been described by Simonsen 
(1957) in chickens injected shortly before or immediately after hatching 
with homologous spleen or blood cells. Such animals frequently die in 
the first week of life with grossly enlarged spleens and severe anaemia; 
the experiments of Simonsen (see also Cock & Simonsen, 1958) prove 
convincingly that their condition is due to a graft-versus-host reaction. 

It is therefore evident that, even if it should eventually prove possible 
to avoid the homograft reaction in the human subject, the possibility of 
graft-versus-host reactions may have to be seriously considered: the graft 
too may have to be rendered unable to respond immunologically. This 
somewhat bleak prospect is hardly likely to apply to tissues such as skin 
(in which the number of immunologically competent cells must be 
negligible), and its relevance to the transplantation of whole organs such 
as the kidney has yet to be determined. But there can be little doubt that 
it must be taken into account whenever treatments are devised which 
depend upon the transplantation of lymphoid tissues, as for example in 
attempts to restore immunological reactivity to hypogammaglobulin- 
aemic patients with the aid of homologous cells. 


Other Techniques 


There are several other techniques which must be mentioned; each of 
them has been responsible for major theoretical advances and will almost 
certainly continue to be an invaluable tool in the analysis ofimmunological 
incompatibility. 


(a) TRANSFER OF ‘ADOPTIVE IMMUNITY’ 


The experimental design of ‘adoptive immunity’ we owe to the work 
of Mitchison (1954), who first demonstrated that transplantation im- 
munity is transferable to normal mice with lymph node cells from 
sensitized donors. Mitchison’s experiments were carried out with a 
transplantable lymphosarcoma, but it has been shown that they apply 
with equal force to an immunity both elicited and measured by normal 
skin grafts (Billingham, Brent & Medawar, 1954). 

The principle underlying the transfer of adoptive immunity is as 
follows (Fig. 20). Mice from, say, strain Y are sensitized by the trans- 
plantation of X strain skin grafts on one side of the thorax. When the 
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grafts have been destroyed in the usual way the regional (axillary) lymph 
nodes are excised and suspended as isolated cells in Ringer-phosphate. 
They are now injected into the body cavities of normal Y strain animals 
(‘secondary hosts’), each mouse receiving the cells derived from at least 
four nodes. Three days later the secondary hosts are tested with X strain 
skin grafts: if immunity has been transferred, the grafts will undergo 
destruction more rapidly than they do on normal Y strain individuals. It 
will be seen that the use of inbred strains is here imperative, for the 
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Figure 20. Illustrating the transfer of ‘adoptive immunity’ with immune lymph nodes. 
(1) immunisation of Y strain mouse with X strain skin graft; (2) excision of regional 
lymph nodes, preparation of cell suspensions, and injection of cells into body cavity 
of normal Y strain mouse; (3) transplantation of X strain skin graft to cell recipient 
in order to test for transfer of immunity. (By permission of the Editor of the Glaxo 


Volume.) 


transferred cells—being isologous with the tissues of the animals into 
which they are injected—may be expected to survive and to continue with 
their immunological functions where they left off in the original donors. 

Experiments of this kind have revealed that immunity is transferable 
with living regional lymph node cells but not with cells obtained from 
the contralateral nodes, peritoneal exudates or blood. The serum from 
sensitized mice has, in general, also failed to transfer immunity (but see 
Gorer, 1956). The phenomenon of adoptive immunity therefore empha- 
sizes the important role played by cells in the immunological responses to 
tissue homografts. It has also helped to establish the nature of immuno- 
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logical tolerance, for tolerance can be completely abolished if tolerant 
animals are injected with isologous lymphoid cells obtained either from 
normal mice or from mice previously sensitized to the tissues of the 
donor strain (Billingham, Brent & Medawar, 1956). 


(b) DETECTION OF SERUM ANTIBODIES 


It was shown many years ago that, in the mouse, certain antigens present 
in homologous tissue cells are also represented in red blood cells (for a 
detailed summary of this important work, which has helped so much to 
unravel the genetical basis of tissue transplantation, see Gorer, 1956). Once 
a mouse has reacted against tissue homografts, antibodies can be demon- 
strated in its serum—antibodies which Gorer was able to reveal by their 
ability to agglutinate red cells. 

Briefly, the technique of iso-haemagglutination is as follows (see Gorer 
& Mikulska, 1954). Mice of, say, strain X are repeatedly injected with 
strain Y tissue cells (e.g. leukotic cells or normal spleen cells) and bled. 
Dilutions of the serum, which can be stored at —20° C. in sealed ampoules, 
are made with a dextran solution which is commercially available as 
‘Intradex (salt free) with 5 per cent glucose’ from Glaxo Laboratories 
Ltd, Greenford, Middlesex. This dextran, which is marketed as a 6 per 
cent. solution, must be diluted with normal saline to a strength of 2 per 
cent. Y strain red cells are carefully and repeatedly washed in normal 
saline and finally suspended in a 1 : 1 mixture of heated human serum and 
normal saline, the human serum first having been thoroughly absorbed 
with mouse red cells in order to ensure the absence of naturally occurring 
species-specific antibodies. 

Equal volumes (in practice 0-025 ml. or 0-05 ml.) of cell suspensions and 
antibody are now incubated in precipitin tubes at 37°C. for ninety 
minutes. At the end of the incubation period the tip of a pipette is placed 
immediately above the cellular deposit and the cells, together with some 
of the supernatant fluid, are withdrawn and streaked on to a glass slide. 
The slide is rocked a number of times and the degree of clumping is 
ascertained, where necessary by microscopic examination. Careful 
controls are of course essential. 

More recently, Hildemann (1957) has described a method for the 
detection of iso-haemolysins in the mouse. 

The precise role played by these serum antibodies in the destruction of 
homologous tissue grafts is still the subject of some controversy. There 
can be little doubt that they have a cytotoxic effect on mouse leukotic 
cells (Gorer, 1956). On the other hand, there is a formidable array of 
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evidence favouring the hypothesis that, with normal tissues and solid 
tumours, cell-bound rather than freely circulating antibodies are the 
mediators of the homograft reaction. 


(c) THE DIFFUSION CHAMBER 


The use of porous diffusion chambers has helped to throw further light 
on the question of whether the presence of living cells is a necessary pre- 
requisite for the destruction of tissue homografts. This very ingenious 
technique has been described in detail elsewhere (Algire, Weaver & Prehn, 
1954; Prehn, Weaver & Algire, 1954; Weaver, Algire & Prehn, 1955) 
and the briefest summary will have to suffice here. 

Tissue fragments or cell suspensions (‘target cells’) are enclosed in small 
porous chambers with pores of known size. The chambers are essentially 
made up of two cellulose ester membranes, each attached to a lucite ring 
of a different size so that the smaller ring will fit snugly into the larger; in 
other words, the target cells are sandwiched between the two membranes 
and sealed off by the lucite rings, the joint between the rings being itself 
sealed with a solution of lucite in acetone (Fig. 21). The chambers, which 
provide adequate conditions for the survival of autologous cells, are 
implanted subcutaneously or intraperitoneally into mice of a strain 
different from that of the target cells, and the fate of the target cells is 
determined either by serial autopsy of the recipients and histological 
examination of the target cells, or by continuous microscopic examination 
with the aid of specially constructed ‘transparent chambers’. Provided 
that the chamber pores are large enough to permit the ingress of host 
cells the homologous tissues will be destroyed in the usual way. If, 
however, the pores are so small as to prevent host cells from making 
their way into the interior of the chambers, the target cells will survive 
even if the hosts had previously been immunized against them. Algire and his 
colleagues have therefore concluded that circulating antibodies are on 
their own insufficient to account for the destruction of homografted 
tissues, and that the causal agent is intimately associated with lymphoid 
cells of the host. 


(d) PREPARATION OF ANTIGENIC TISSUE EXTRACTS 


Finally, something should be said of the recent demonstration that it is 
possible to prepare cell-free homologous tissue extracts possessing easily 
demonstrable antigenic properties (Billingham, Brent & Medawar, 
1958). Essentially, the method of preparation consists of the extraction 
with water of lymphoid cell suspensions, aided first by dispersal in a 
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blender of the piston-and-cylinder type and then by exposure to ultra- 
sonic irradiation from a 50 W 20 Kc/s generator of the magneto-strictive 
type. The solution is purified to some extent by the precipitation of 
nucleoprotein, and the resulting supernatant fluid may be concentrated 
by high speed centrifugation and resuspension of the antigenic sediment 
in a small volume of medium. The antigenic activity of this preparation 
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Figure 21. Illustrating diffusion chamber seen in cross section. (By permission 
of Dr J. M. Weaver and his colleagues, from J. nat. Cancer Inst., 15, ee 1954.) 


can be demonstrated in two ways: (a) in mice, it can be injected intra- 
peritoneally into adult animals of a homologous strain, the recipients 
being tested a few days later with skin grafts removed from animals 
belonging to the extract donor strain; the grafts will undergo that 
accelerated destruction which is so characteristic of grafts in sensitized 
animals; or (b) in guinea-pigs, the extract can be injected intradermally into 
recipients which had previously been sensitized with skin grafts from the 
extract donor; here a tuberculin-like skin reaction is proof of the extract’s 
antigenicity (Brent, Brown & Medawar, 1958; Fig. 22). The use of tissue 
extracts is beginning to throw some light upon the biochemical nature of 
the antigens responsible for homologous transplantation immunity, and is 
likely to provide a discriminating weapon in future investigations in this 


field. 
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Figure 13. Injection of homologous cell suspension into the orbital branch of the 
anterior facial vein of the newborn mouse. 





Figure 22. Skin reactions in a guinea-pig (R) which had been sensitised with skin 
grafts from a donor guinea-pig (D) and then injected intradermally with a tissue 
extract prepared from the spleen of D. The reactions are delayed and resemble those 
encountered in tuberculin hypersensitivity; they may be held to prove the presence 
of transplantation antigens in the injected extract. 
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THE ELECTRON MICROSCOPE 


Davip ROBERTSON 


I. Introduction 


The electron microscope is an optical instrument capable of much 
higher resolution than any other now employed in biology. It is the 
purpose of this paper to present in brief outline the way in which this 
increase in resolution is obtained, and to discuss shortly the methods 
whereby the electron microscope has been applied to biological problems, 
particularly those involving the sectioning of embedded tissues. The major 
emphasis throughout is on biological applications. The reader is referred 
to the recent review by Cosslett (1955) and the book by Hall (1953) for 
detailed treatments of the physical aspects of electron microscopy. 

It seems appropriate to begin with a consideration of what is meant by 
the term resolution. Resolution is a measure of detail in an image. An 
image may be regarded as a composite of points representing correspond- 
ing object points. In images produced by realizable lenses as distinct from 
perfect theoretical ones, the object points are converted into blurred 
circles in the image and some detail is lost because of this. A rough 
definition of resolution is the least distance between two points in the 
object which are seen as separate entities in the image. Of course, this 
definition could be made more precise, but for our purposes it is sufficient. 
The resolution of the eye, defined in this way, is in the order of 0-2 mm. 
at a distance of 25 cm. Without the aid of optical devices this is then about 
the smallest distance between objects that can be perceived. 

From the viewpoint of the biologist, the essential feature of the com- 
pound light microscope, which lent such importance to its development, 
was the use of a series of magnifying lenses operating not only upon the 
object itself, but upon the images produced by the lenses in the micro- 
scope, leading to fairly high magnification and resolution. It was im- 
mediately evident even from the work of Leeuwenhock himself that the 
compound light microscope was applicable to biological problems, and 
during the course of the last three centuries, light microscopes have been 
brought to an extremely high degree of technical perfection. The import- 
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ance of the field of knowledge which has grown up almost entirely as a 
result of its application to biological problems could hardly be over- 
emphasized. It may be interesting now to consider the magnitude of this 
field in terms of resolution as defined above. 

According to Abbe’s theory the resolution ‘d’ of a light microscope can 
be expressed by the following equation: 


ey | (1) 
(A = the wavelength of the light used for the observations and NA = the 
numerical aperture of the microscope objective). The term ‘numerical 
aperture’ refers to the product of the refractive index ‘w’ of the medium 
surrounding the object and the sine of the angle ‘a’ between the axial ray 
and the most divergent ray traversing the object which is included in the 
image. Thus NA = y sin «. The perfection of glass lenses is such that it 
is possible in modern light microscopes to utilize numerical apertures as 
high as the order of 1-5. This is accomplished by manufacturing glass 
lenses capable of operating at very high angular apertures and utilizing 
immersion media of high refractive index (Martin, 1955). Despite the 
high numerical apertures of such lenses the resolution is finally limited by 
the wavelength of the light which is used. If white light is employed of 
an average wavelength of 5400 A the resolution of the instrument is 
~o-2 #. By using light of a shorter wavelength proceeding down to the 
ultraviolet range, it is possible to improve this resolution, and by entering 
the vacuum ultraviolet range, to calculate a theoretical resolution ~800 A. 
For most purposes, however, light microscopy may be said to have 
reached its limit when a resolution of about 0-2 jz was obtained. 

The invention of the compound light microscope resulted in a gain in 
resolution over the naked eye of about 1000 times. The field of structure 
which was made accessible to the human eye by this was sufficiently large 
to permit the development in biology of the entire subjects of histology, 
cytology and histopathology. Indeed, there remains a vast field of 
unexplored structure which has not yet been subjected to high resolution 
light microscopic analysis. 

It will be shown below that electron microscopes are already being 
applied to biological problems at resolutions measured in angstrom units 
representing already a gain in resolution beyond the light microscope of 
over 100 times. A further increase by a factor of 10 is theoretically possible 
(Cosslett, 1955). Thus the biologist has suddenly within the last two 
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decades been faced with a field of structure never before accessible to 
direct observation. This field is of the same magnitude as the whole of 
the fields encompassed by cytology, histology, and histopathology in the 
past. Furthermore, it is now feasible for the first time to think of visualiz- 
ing directly the actual molecular organization of cells and to begin to 


bring together the fields of anatomy, physiology and biochemistry. One 
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Figure 1. Diagram of dimensional ranges of structures of biological interest. The 
dimensions of various structures are plotted on the vertical axes as negative exponents 
of 10. Important units are designated to the right. Three different dimensional 
ranges are indicated by the horizontal lines and the terms just to the left of the 
vertical line. The instruments which may be used to examine structures such as 
those indicated to the right in these various fields are indicated to the left. 


area in which some progress in this direction has been made will be 
considered briefly here as an example, but no effort will be made to 
review the rapidly developing field of tissue ultrastructure. 

The dimensional range of structures of biological interest which may 
now be investigated anatomically by various techniques is indicated in 
Fig. 1. It will be observed that although the field of molecular structure 
was accessible to the biologist before the advent of electron microscopy 
if he was prepared to use such indirect techniques as polarization optical 
analysis and X-ray diffraction, the electron microscope has provided him 
with his first instrument capable of direct visualization of structure within 
this range. In considering this instrumental advance it seems appropriate 
to begin with the historical development of electron microscopy. 
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I]. Historical Development of Electron Microscopy 


One might say that the foundation of electron optics had been laid by 
the turn of the present century since the electron had been discovered and 
a crude method of focusing electrons was available. However, there was 
no thought of the possibility of building an electron microscope until de 
Broglie (1924) postulated that a moving electron behaves in some respects 
like a wave with a wavelength 


A=—, (11) 


mv 


where m = mass, v = velocity and h = Planck’s constant. After this 
equation was verified experimentally, it was clear that an electron beam 
might behave in certain ways like light and that the basic principles of 
light optics might be applicable to electrons moving in an electrostatic or 
electromagnetic field. Furthermore, the wave-length calculated from this 
equation for electrons accelerated to 60 kV is o-o5 A. This is ~ 10° times 
smaller than the wavelength of white light which limits the resolution 
of light microscopes. It was evident then that a great increase in resolution 
could probably be obtained if an electron microscope could be built. It 
was not very long after physicists began speculating about these matters 
that Busch (1926) showed that electric fields could be used as electron 
lenses to produce images. It then became obvious that an electron micro- 
scope could be constructed. It appeared likely that most of the funda- 
mental principles of light optics were directly applicable to electron optics, 
a fact which has now been extensively verified with the practical develop- 
ment of electron microscopes. 

The first attempt to build an electron microscope was made by Knoll 
& Ruska (1932). These investigators used the focusing properties of an 
electro-magnetic field to act as a lens on a beam of electrons moving in a 
vacuum. They succeeded in constructing a crude electron microscope 
which was capable of forming images of a quality comparable to that 
produced by light microscopes. However, the resolution was no better 
than that of light microscopes. Ruska (1934) added a condenser lens to 
the first crude microscope and Krause (1937) working with this instrument 
succeeded in obtaining a resolution slightly better than that of the best 
light microscopes. von Borries & Ruska (1938) began the construction of 
a full-scale magnetic type electron microscope in the laboratory of the 
Siemens & Halske firm in Berlin. This led (von Borries & Ruska, 1938) 
to the production of the first commercial electron microscope. This 
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instrument utilized magnetic lenses entirely and its resolution approached 
20 angstrom units. 

At about the same time that the Siemens instrument was produced 
Mahl (1939) working in the AEG (Allgemeine Elektrizitats-Gesellschaft) 
laboratory in Germany succeeded in producing an electrostatic electron 
microscope, the performance of which approached that of the magnetic 
instrument. It might be mentioned at this point that while electron 
microscopes utilizing electrostatic lenses possess certain inherent advant- 
ages over those utilizing electro-magnetic lenses, their resolution is not as 
high and in practice they have proved to be very difficult to put into 
commercial production in competition with the magnetic instruments. 
The difficulty is primarily concerned with practical features of operation 
of electrostatic lenses. No detailed consideration of electrostatic instru- 
ments will be given here. 

Along with the developments in Germany which led to the Siemens 
electron microscope there should be mentioned the activities of a few 
groups of investigatorsin North America. Marton (193412) had constructed 
a magnetic electron microscope in Belgium, and used it for a preliminary 
study of biological material. He later moved to the R.C.A. labora- 
tories in the United States where he had constructed a microscope by 
1940. A very active group under the influence of Professor E. F. Burton 
at the University of Toronto had begun experiments in electron optics 
which were described in 1939 (Burton, Hillier & Prebus, 1939; Burton & 
Kohl, 1946). At about the same time Hall & Schoen (1941) constructed a 
similar instrument at the Eastman Kodak laboratories in the United 
States. Hillier & Vance (1941) then constructed the first production 
model electron microscope in the R.C.A. laboratories in the United 
States (the R.C.A. model EMB). In 1944 R.C.A. produced a very much 
more simplified magnetic electron microscope (the type EMU). Subse- 
quently Hillier succeeded in demonstrating about 10-12 A resolution 
with this type of electron microscope, and modern electron microscopy 
was well under way. In more recent years other manufacturers have 
produced electron microscopes capable of high resolution. Notable 
among these are the Metropolitan-Vickers Co., in England, the Philips 
Co. in Holland, and the Hitachi Co. and the Japan Electron Optics Co. in 
Japan. Siemens has recently produced an improved version of their 
original magnetic electron microscope, which has a calculated resolving 
power of 5-6 A and a demonstrated practical resolving power of about 
6 A. The theoretical resolution limit of this instrument in terms of 
spherical aberration and diffraction alone is 2-8 A. 
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Ill. Components of Electron Microscopes 


Fig. 2 shows a schematic diagram of a typical magnetic type electron 
microscope, the components of which are matched with their correspond- 
ing members in an inverted light microscope. It will be seen that the 
general plan of construction of the electron microscope is very similar to 
that of the light microscope. Each instrument must be equipped with a 
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Figure 2. A highly schematic diagram of an electron microscope is shown to the 
left and the corresponding parts of a light microscope are indicated to the right. 
Note that most of the essential elements have counterparts in either type of micro- 
scope. 


light source, a condenser lens, an objective Jens, and a projector lens. In 
the case of the light microscope the projector lens is referred to as the 
ocular. In the case of the electron microscope it is necessary to provide a 
fluorescent screen on which the real image produced by the projector lens 
can be formed for observation. This is of course, unnecessary with the 
light microscope. In either type of instrument a photographic plate can 
be inserted in the position of the fluorescent screen and a photograph of 
the real image made. In the case of the electron microscope the glass 
lenses of the light microscope are replaced by large electromagnets, the 
magnetic fields of which are concentrated and shaped by cores of soft 
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iron (called “pole pieces’) so as to give them the proper lens characteristics. 
The entire electron microscope column must be maintained under very 
high vacuum whereas the light microscope can work entirely in air. 
Before considering further the optical principles of electron microscopes 
it seems useful to describe qualitatively the components of the instrument. 
Although an effort will be made to keep the description general it applies 
only to magnetic type electron microscopes, and in some cases only to 
the Siemens Elmiskop r. 


IV. Magnetic Electron Microscopes 


I. THE ELECTRON GUN 


The electron gun which corresponds to the light source in light 
microscopy consists of a heated tungsten filament which is bent to a 
hairpin point from which electrons are emitted and accelerated by a high 
negative potential (~ 40-100 kV) toward an anode at ground potential. 
The electrons are focused to some extent by a shield which surrounds the 
filament, and on which a bias voltage slightly more negative than that of 
the emitting filament is maintained. The electron beam passes through a 
fixed aperture in the anode and enters the condenser lens. 


2. THE CONDENSER LENS 


The condenser lens, in common with all magnetic electron lenses, 
consists of an electro-magnet the strength of which is variable by changing 
the current flowing in its coils. The field of the magnet is concentrated 
and shaped about a fairly small axial opening by a soft iron core called 
a ‘pole-piece’. The geometry of the pole piece determines the optical 
characteristics of the lens. Such lenses can be made from permanent 
magnets but these possess very little flexibility. This lens in common with 
all such electron lenses is a positive one. 

In the Siemens instrument the condenser lens is in fact two lenses, each 
with a separate pole piece which operate in combination or separately. A 
system of apertures is present to limit the diameter of the imaging beam. 
First, there is a fixed aperture at the top of the lens measuring 750 microns 
in diameter. Second, there are three externally controlled and externally 
centreable apertures inside the lens usually measuring 100, 200 and 400 
microns in diameter. By using both condenser lenses in conjunction with 
one another and using one of the small physical apertures it is possible to 
produce nearly parallel rays of electrons illuminating a portion of the 
specimen measuring no more than a few microns in diameter. 
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3. THE SPECIMEN CHAMBER AND SPECIMEN HOLDER 


The specimen chamber of all electron microscopes contains a precision 
mechanical stage which can be translated in a plane perpendicular to the 
axis of the column. This stage is sometimes mounted on ball bearings and 
held in place by springs. The lateral translation is accomplished in the 
Siemens instrument by a mechanical vernier screw operating at two points 
on the stage at 90° to one another. These screws enter the column through 
vacuum seals and are driven from the outside by a cantilever device 
actuated by a direct screw feed operated manually from the control 
table. It is necessary for the mechanical stage to have a very high degree 
of stability, and in the case of the Siemens instrument there is no detect- 
able drift at high magnification within a few seconds after motion has 
ceased. 

The specimen holder in the case of the Siemens instrument consists of 
three conical brass units which can be screwed together in such a manner 
that the specimen grid is clamped very securely in position. The specimen 
holder with the grid is inserted into the upper part of the objective pole 
piece and held rigidly in position in an inverted conical metal-to-metal 
seat in the mechanical stage. A special specimen holder is supplied by 
means of which the plane of the specimen grid can be tilted away from 
the horizontal toward the vertical axis of the microscope column by 
means of a lever actuated externally through a vacuum seal. By this 
means stereoscopic micrographs can be taken. A circular area about I mm. 
in diameter can be examined in the older type Siemens instruments, but 
this has been increased slightly in the latest models. A somewhat larger 
specimen area can be covered by the R.C.A. and other instruments. The 
specimen supports and specimen characteristics will be discussed later. 


4. THE OBJECTIVE LENS 

The objective lens like the other lenses is an electro-magnet containing a 
soft iron pole piece. The geometry of the objective pole piece (Fig. 2) is 
extremely critical since as in light microscopes, the objective lens is the 
limiting lens in the system. The bore of the pole pieces used in objective 
lenses usually does not exceed a few millimetres. In some instruments, 
such as the Siemens microscope, the objective lens is a compound lens in 
that there are two separate electro-magnets with two separate pole pieces 
which may be operated independently of one another. The one operating 
directly on the specimen is properly called the objective. The other is 
referred to as the intermediate lens since it operates only on the image 


produced by the objective lens. 
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5. THE INTERMEDIATE VIEWING SCREEN 


In the older version of the R.C.A. EMU series instruments and in the 
latest Siemens instrument as well as some others, an intermediate viewing 
screen is provided. This is a fluorescent screen with a large opening 
through which the imaging beam passes. The aperture 1s sufficiently 
large so that it exerts no detectable effect on the image even when con- 
taminated to a great extent. The fluorescent screen is so placed that a real 
intermediate image of the specimen is formed on it under certain operating 
conditions, and the outline of the objective aperture can be observed 
directly at a glance under most operating conditions. It is of great benefit 
in aligning the instrument, since it makes it much easier to place the 
electron beam back on to its proper axis if it has been deviated by such 
procedures as changing the filament or the magnification range. 


6. THE PROJECTOR LENS 


Some electron microscopes operate with a single projector lens with a 
single pole piece. This lens operates on the image formed by the objective 
and intermediate lens system and produces a final image on the lower 
fluorescent viewing screen. The total magnification range of those 
instruments which use only a single projector lens is somewhat limited 
because of the introduction of an objectionable degree of image distortion 
if too wide a range of magnification is covered. To avoid this difficulty 
the Siemens instrument is so designed that four interchangeable projector 
pole pieces can be used. These are mounted in a revolving head not unlike 
the revolving nosepiece of a light microscope, and may be rapidly inter- 
changed without breaking the vacuum or interrupting the operation of 
the instrument. Each of these pole pieces covers a different range of 
magnification, and by this means it is possible to produce a full range of 
magnification on the final viewing screen of ~ 300 X to ~ 160,000 X. 
Physical apertures are provided generally in projector lenses since there is 
still a certain degree of gain in contrast if they are inserted. They do not, 
however, approach the small dimensions of the imaging pencil. In fact 
they are so large that they may be made of brass and need be kept only 


moderately clean. 


7. THE PHOTOGRAPHIC CHAMBER 


In all electron microscopes some provision is made for photographing 
the image on the fluorescent screen at any time during operation. Generally 
photographic plates are inserted beneath the fluorescent screen within 
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the vacuum system. The intensity of the image is such that exposure 
times are usually of the order of one or more seconds and hence exposures 
are usually made simply by raising the fluorescent screen. In some electron 
microscopes a 35 mm. camera is inserted in the column and kept within 
the vacuum system in such a position that it can be inserted into the beam 
and micrographs taken during operation in alternation with the photo- 
graphic plates. The 35 mm. cameras are usually inserted above the final 
viewing screen so that the entire image seen at greater magnification on 
the final screen will be included in the micrograph. In the case of the 
latest Siemens instrument it is possible to take twelve 6} X 9 cm. photo- 
graphic plates at about the level of the fluorescent screen plus thirty-six 
35 mm. exposures at a reduced magnification above the fluorescent screen 
without breaking the vacuum. It might be mentioned that it is highly 
desirable to pre-evacuate all photographic materials before they are 
inserted into the vacuum system of the microscopes. If this is not done the 
plates or films will continue to evolve gases into the system for a 
long time (up to one hour) thereby interrupting the use of the 
instrument. 


8. THE OPTICAL MAGNIFIER 


Most microscopists prefer to view the final image on the fluorescent 
screen with some kind of optical magnifier, since by this means it is possible 
to see with clarity structures which are barely visible with the naked 
eye. This is particularly useful when checking Fresnel fringes to determine 
the level of astigmatism in the objective lens. Some electron microscopes 
are equipped with a binocular stereoscopic microscope mounted over the 
final viewing window for this purpose. However, there are several 
practical as well as theoretical reasons for maintaining the intensity of 
illumination in the final image at as low a level as is feasible. The binocular 
stereoscopic microscopes now in use reduce the intensity of illumination 
reaching each eye and hence force the operator to use unnecessarily high 
intensities of illumination. Some electron microscopes, notably the 
Metropolitan-Vickers, the Siemens, and certain of the Japanese micto- 
scopes, are fitted with a monocular viewer to circumvent this disadvant- 
age. The viewer used on the Siemens instrument is capable of magnifying 
a relatively large area of the final image ten times with virtually no loss 
of intensity. This viewer was especially constructed by the Leitz Co. for 
this purpose and utilizes a special combination of lenses capable of operat- 
ing at a very high angular aperture. Despite the relative discomfort of 
monocular viewers their use seems justified at present. 


G 
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9. THE VACUUM SYSTEM 

It is desirable to maintain the entire column of the electron microscope 
at a pressure below 10-4 mm. of mercury. The necessary vacuum is 
obtained by means of a combination of diffusion and mechanical pumps. 
The essential condition is that the pressure be sufficiently low so that the 
mean free path of the electrons leaving the cathode shall exceed the 
length of the column. Obviously, if high performance is to be maintained 
it is desirable to have as few collisions with gas molecules within the 
column as is feasible. Even after the vacuum has reached very low levels 
(order of 10-° mm. of mercury) there is still a disadvantage to be observed 
which apparently results from relatively few collisions with residual gas 
molecules. Such molecules become ionized and deposit on the specimen 
as a contaminating film which reduces resolution. 


IO. ELECTRONIC COMPONENTS 


Magnetic electron microscopes require much more elaborate electronic 
stabilizing equipment than electrostatic electron microscopes. The reason 
for this is that the high tension and lens current circuits must be regulated 
independently of one another to an extremely high degree of accuracy 
(~ I part in 50,000 or better). Electrostatic instruments, on the other 
hand, permit these two independent circuits to be coupled, so that any 
alteration in the high tension may be compensated for by immediate 
alterations in the lens circuits. This cannot be done in magnetic electron 
microscopes and the degree of electronic stabilization which they require 
necessitates quite complicated circuits. Most biological operators find it 
desirable either to turn over the maintenance of these circuit components 
to engineers whose services are provided by the manufacturers or, in 
sufficiently large organizations, to hire an engineer to be on hand when- 
ever difficulties arise. Nevertheless, the Siemens instrument has been so 
designed that it is fairly easy even for the inexperienced operator to check 
certain of the circuit components, so that he should be able to handle 
minor difficulties. ; 

It might be mentioned that since the introduction of higher voltage 
electron microscopes, most manufacturers have found it desirable to 
immerse the high voltage generating components entirely in an oil tank. 
This has eliminated some of the difficulties which were formerly expe- 
rienced with the older type of instruments resulting from corona occurring 
around the high tension components in air. It has thus rendered the 
instrument less susceptible to humidity and dust in its environment. 
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There are certain optical features of electron microscopes which 
are of practical importance in its operation, and these will now be 
dealt with briefly. No detailed treatment of electron optics will be 
attempted. 


V. Certain Practical Aspects of Electron Optics 
I. RESOLUTION 


It may easily be shown by a simple calculation using de Broglie’s wave 
equation (II) that the wavelength of an electron beam accelerated to 
60 kV is about o-os A. This wavelength is ~10° times smaller than the 
wavelength of white light, and considering the Abbe equation (1) one 
may well ask why the gain in resolution of electron microscopes over 
that of light microscopes is only a little better than 100 times. If electron 
lenses were as good as light microscope lenses, the gain would indeed be 
very much greater. 

As indicated above the resolution of light microscopes is limited by 
the wavelength of the light used only because it has been possible to 
perfect glass lenses to such an extent that they are able to operate at 
extremely high angular apertures. It has proved practical to build lenses 
of such perfection that most of the lens errors inherent in any optical 
system have been reduced to negligible proportions. When viewed in 
this way electron lenses are extremely crude devices. The properties of 
any electron lens depend upon the distribution of equi-potential planes 
of either an electrostatic or an electromagnetic field about some axis. It 
has proved possible to shape the equi-potential planes of a magnetic field 
about a central axis by the use of symmetrical carefully designed pieces 
of soft iron as indicated above. The field distribution within such a ‘pole 
piece’ depends critically upon the geometry of the ‘pole piece’ itself and 
upon the homogeneity of the iron of which it is constructed. Because of 
its magnetic properties soft iron is the preferred metal for magnetic 
electron microscopes. This material is, first of all, extremely difficult to 
machine to very high tolerances, and, secondly, it is practically unobtain- 
able in a sufficient degree of purity or homogeneity so that no perturba- 
tions of its magnetic fields occur. The lenses constructed from these soft 
iron pole pieces are very poor indeed when considered in terms of glass 
lenses. Furthermore, they have a very high inherent spherical aberration. 
Accordingly, it is only possible to use them at extremely small angular 
apertures. To date it has only been possible to increase the effective angular 
aperture of electron lenses to the neighbourhood of 10-* radians. As a 
result of this the denominator in the Abbe equation (1) when considered 
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with respect to electron lenses is extremely small and the theoretical 
resolution is then very much impaired. It will now be useful to consider 
briefly certain of the most important lens errors which operate in electron 
lenses to limit the resolution even at extremely small angular apertures. 


2. ERRORS OF ELECTRON LENSES 

Any optical lens whose surfaces are segments of spheres has numerous 
imperfections the exact description of which in mathematical terms is 
very complicated. However, a reasonable approximation can be made if 
the sine of the angular aperture (a) is considered to be numerically equal 
to the angle « in radians. This is a fairly accurate assumption for small] 
angles. If a more accurate calculation is desired it is necessary to assign a 
more precise value to sine a. This may be done by expanding the infinite 

rect 

series: sin@® =a —S a —-++++. If only the first two terms in this 
expansion are considered five lens errors may be fairly accurately 
described. These are commonly referred to by the term ‘third order’ errors. 
The third order aberrations for magnetic electron lenses are (1) spherical 
aberration, (2) distortion, (3) curvature of field, (4) astigmatism, (5) coma. 
These errors result from the geometry of the lens. The two most important 
remaining errors are (6) chromatic aberration, and (7) diffraction, both of 
which are due to the wave properties of electron beams. (8) Space charge 
distortion is another error peculiar to electron lenses which is of occasional 
importance. Spherical aberration, diffraction and chromatic aberration 
are the most important of these errors in electron microscopy and will 
be taken up first. In addition there are certain errors associated with the 
fact that the electrons forming the image follow a helical path as they 
proceed through the lenses, but these will not be discussed here since they 
are simply special cases of other errors. 

The most important lens errors which must be taken into account in 
electron microscopy are spherical aberration and diffraction. All electron 
lenses are convergent. Therefore the spherical aberration in the lens is 
brought about because the peripheral portions of the lens are more 
strongly convergent than the central portions. Because all magnetic 
electron lenses are convergent this error cannot be corrected by the use 
of negative lenses. Because of the high spherical aberration it is possible 
under certain conditions when observing crystals to obtain two images of 
a crystal one of which is the true image and the other of which is an 
image of diffracted rays from the crystal passing through the peripheral 
portion of the lens and hence brought to focus in a different position. By 
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measuring the distances between these two images on the final viewing 
screen at various levels of focus, it is possible to calculate a spherical 
aberration constant (C,) for any electron lens. The resolution limit of the 
lens on the basis of spherical aberration (d,) is then set by the equation: 


A= Cia (3) 


where & is the angular aperture of the lens. It is evident from this equation 
that the resolution is improved if small angular apertures are utilized. 
There is a limit to which the resolution of electron lenses can be 
improved by decreasing the value of the angular aperture. This is imposed 
by diffraction. The resolution limit d, as limited by diffraction can be 
defined by the equation 
d= 25" (4) 


a 


(A = the wavelength of the electron beam; « = the angular aperture of 
the objective lens). The resolution of the instrument is improved if the 
angular aperture is increased when considered from the standpoint of 
diffraction. This sets a practical limit on the extent to which spherical 
aberration can be reduced by using smaller angular apertures. 

Chromatic aberration is an error in electron lenses which is of some 
importance. It results from the fact that electrons traversing the lens 
field with different energies are brought to a different focus in the image. 
Ideally, all of the electrons originating at the source should be accelerated 
at exactly the same potential, and those originating from the object should 
proceed to the image at identical acceleration. These conditions cannot be 
maintained exactly in electron microscopes for three reasons. (1) It is 
impossible to eliminate all fluctuations in the high voltage; (2) even if this 
were accomplished electrons would not be emitted from the heated 
tungsten filament at exactly identical velocities because of inherent 
characteristics of thermionic emission; (3) some of the electrons passing 
through the object lose energy in inelastic collisions with the atoms of the 
object. It has, however, proved possible to build power supplies for 
electron microscopes which limit fluctuations in the high voltage to the 
order of one part in fifty thousand and the remaining chromatic errors 
are of lesser magnitude than those due to spherical aberration and diffrac- 
tion if sufficiently thin specimens are used. Hence in practice chromatic 
aberration is not as important as spherical aberration and diffraction in 
determining resolution. 
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Distortion results in a difference in magnification between the peripheral 
arts of the final image and the central portion. This is noticeable occa- 
sionally in electron micrographs at low magnification, but is not of 
consequence at higher magnification. Curvature of field occurs when the 
image is not in focus over a plane. This error is of negligible proportion 
in most electron microscopes. 

Astigmatism is that error whereby object points appear in out of focus 
images as lines which are mutually perpendicular on either side of true 
focus. The magnitude of astigmatism is proportional to the square of the 
distance of an object point from the axis of the lens, and thus disappears 
on the axis. Because electron lenses operate only on object points very 
close to the axis, this error is not of consequence in electron microscopy 
in its definition as a third order error. Astigmatism due to other causes, 
however, is important and will be discussed below. 

Coma is another error which becomes negligible near the axis of the 
lens and is not of importance in electron microscopy. 

Space charge distortion is a lens error which is sometimes of conse- 
quence in electron microscopy. This error results from the electrostatic 
interaction of adjacent electrons in the beam itself. It occurs only if the 
object is irradiated with too high a current density per unit area. With 
the use of suitable condenser apertures this error can be effectively 
eliminated. 

It is clear from the above that the only lens errors which may be 
considered of limiting importance in calculating a theoretical resolution 
limit for an electron microscope are those due to spherical aberration 
and diffraction. The spherical aberration error has been greatly reduced 
by operating the instruments at extremely small angular apertures, but it 
has been impossible to improve the resolution beyond this point, because 
the magnitude of the diffraction error brought about by the extremely 
small angular aperture of the lenses has reached sufficient magnitude as to 
impose another limit. Various electron microscopes have now been built 
in which it is possible to calculate a theoretical resolution limit on the 
basis of spherical aberration and diffraction errors in the range of 2°8 to 
ro A. Further improvement cannot be expected by the utilization of 
smaller angular apertures, but it is possible that some way can be found 
to decrease the magnitude of the spherical aberration constant to lower 
values, and hence improve the theoretical resolution limits. There are 
great difficulties however, involved in this operation. Furthermore, the 
practical limit on resolution is at present set by astigmatism due to lens 
asymmetries, as discussed below. 
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3. DEPTH OF FIELD AND OF FOCUS 


From simple geometrical considerations it can be shown that the depth 
of field (D—referred to the object) of electron lenses is determined by the 
equation 


mgies (s) 


(d = resolution, « = angular aperture of the lens). If « is taken to be 
5 X 10-8 radians and d= 10 A, then D= o74 pt. This depth of field is very 
much greater than the resolution limit of the instrument, unlike the 
situation in light microscopy in which the depth of field is usually about 
equal to the resolution limit because a much higher angular aperture is 
used. 

Similar calculations show that the depth of focus in image space is 
determined by the formula 


d 
D=~ x M}M} (6) 


(M, = the magnification of the objective lens, and Mz = the magnifica- 
tion of the projector lens). Because of the occurrence in this equation of 
the product of the squares of the magnifications of the lenses it is clear 
that the depth of focus in image space is extremely large and in fact it 
measures for most electron microscopes in the range of many meters. 
This relatively large depth of focus is taken advantage of in two ways. 
First the positioning of the photographic plate or film is relatively 
unimportant since the image is in focus over such a great distance along 
the axis of the microscope; secondly, the total final magnification in the 
image can be varied over a considerable range simply by changing the 
focal length of the projector lens by varying the current in its coils 
without being concerned about the exact position of the focal point of 
the lens with respect to the image produced by the objective lens on which 
it is operating. 

Fresnel Diffraction. Fresnel diffraction fringes are of great importance in 
practical electron microscopy, particularly when any kind of regularly 
repeating structure is observed in specimens. An accurate assessment of 
these fringes is also of great importance in determining the operating 
condition of the instrument. They are extremely useful in assessing the 
degree of extrinsic astigmatism being introduced into the objective lens. 
In fact, a method has been devised whereby Fresnel fringes may be used 
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as a means of determining the resolution of electron microscopes. Hence 
it is essential for any operator to understand these phenomena to some 
extent. Therefore a simplified treatment of Fresnel fringes, as they may be 
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Figure 3. (a) The Fresnel fringe intensity maxima resulting from the interaction of a 
light wave front with an opaque edge are indicated. Note that the maxima decrease 
in amplitude away from the edge and that no maxima appear within the geometrical 
shadow of the edge. 

(6) Diagram similar to (a) indicating the interaction of an electron wave front with 
an opaque edge. In this case intensity maxima appear both outside and within the 
geometrical shadow of the edge and the first maximum within the shadow of the 
edge is of greater intensity than that outside the edge. These fringes are designated 
by the terms F, and F, respectively. 


encountered by a biologist doing electron microscopy, will be attempted 
here. 

If an opaque edge is interposed between a point light source and a 
screen as indicated in Fig. 3(a) a series of intensity maxima decreasing in 
amplitude will be observed distributed to the right of the shadow of the 
opaque edge as in the figure. These fringes are produced by so-called 
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Figure 4. (a) Diagram of the imaging pencil from an opaque edge in an electron 
microscope. The light source is above and the image below. If the lens current is 
adjusted so that the focal length of the lens corresponds exactly with the position 
of the object the imaging pencils will appear as in 1. If the lens current is reduced 
the focal length of the lens is increased and the imaging pencils from the focal point 
of the lens now originate above the specimen as in 2. If the lens current is increased 
the focal length is shortened and the imaging rays originate from the focal point 
below the position of the specimen as in 3. 

(b) The Fresnel fringes originating at an opaque edge in an electron microscope 
are indicated by the rays F, and F,. These correspond to the rays responsible for the 
intensity maxima labelled F, and F, in Fig. 3. The position of each of these fringes 
with respect to the opaque edge in the final image at different focal levels is indicated 
and discussed in the text. 
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Fresnel diffraction. In theory if the light source is sufficiently small, the 
intensity maxima will continue indefinitely away from the edge with 
decreasing amplitude. If on the other hand the light source is of finite 
dimensions separate fringes will result from each point source contained 
within the light, and this will result in a confusion of the outermost 
fringes so that they become lost. If the light source is reasonably small, 
however, the first few maxima will be observed. Within the geometrical 
shadow of the edge under these experimental conditions no intensity 
maxima are observed. 

Similar phenomena occur in electron microscopy but there are certain 
important differences which, although not entirely understood, are very 
significant. In the case of an opaque edge in an electron beam, as shown in 
Fig. 3(b), typical Fresnel fringes appear to the right of the shadow re- 
sembling those seen in the case of light as indicated. However, in the 
case of electrons, intensity maxima also are observed inside of the shadow 
of the edge. Furthermore, the first maximum underneath the geometrical 
shadow of the edge is of higher intensity than the first maximum outside 
of the edge. It will be useful to designate these fringes (f1 and f2) as 
indicated in the diagram. In Fig. 4(a) a highly schematic diagram of the 
imaging pencil originating at an opaque edge in the electron microscope 
is shown. This pencil is traced through the objective lens to the plane of 
the image. If the lens current is reduced, the lens will then be focused 
beyond the plane of the specimen as indicated in (2), and if the objective 
current is increased, the focal length of the lens will be shortened so that 
a plane on the other side of the object will be focused as indicated in (3). 
It is possible to observe under focus and over focus images of this sort on 
the final fluorescent screen of the microscope. At exact focus the edge of 
an opaque object appears as a sharp line, free of any Fresnel diffraction 
fringes. However, in slightly out of focus images, Fresnel fringes become 
prominent features of the image. Even in these out of focus images, 
however, the geometrical shadow of the opaque edge is still observable 
in its proper position. Consider now Fig. 4(b). The vertical ray (r) is 
included in either under focus or over focus images in a manner such that 
the geometrical shadow of the edge is observable with no change of 
position. The rays which are scattered both away from the edge and into 
its shadow and which are responsible for Fresnel fringes are not observed 
in exact focus. If the objective lens current is increased so that the lens is 
focused on the near side of the opaque edge as in condition (3) in Fig. 
4(a), the Fresnel fringes will be observed. The rays scattered behind the 
opaque edge will appear inside its geometrical shadow as F;. This fringe 
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is very bright. Another fringe of lesser intensity (F,) will appear outside 
the geometrical shadow of the edge. If now the objective current is 
slowly decreased until the focal plane of the lens coincides exactly with 
that of the opaque edge in the object, the Fresnel fringes disappear entirely. 
If the objective lens current is decreased further so that the focal plane 
now lies between the electron source and the opaque edge, the Fresnel 
fringes again become visible, but their positions are reversed, as indicated 
in Fig. 4(b) because a virtual image is now being obtained. F, now appears 
outside the shadow of the edge as Fj; F, appears inside the edge as Se 

In practice such fringes can be observed in a variety of ways. How ever, 
in most electron micrographs the intensity of fringe 1 is so much greater 
than that of fringe 2 that only fringe 1 is regularly observed. The intensity 
of all the other remaining fringes is usually so low that they also are not 
observed. Hence the position of the bright fringe 1 with respect to the 
geometrical shadow of some opaque edge in an object on the specimen 
screen can be used as an accurate and reliable method for focusing the 
instrument. Fig. s(a-d) shows a series of electron micrographs of a small 
hole in a carbon film. Fig. s(a) was taken with the objective lens current 
too high hence the image is over-focused and fringe 1 is observed beyond 
the geometrical shadow of the semi-opaque edge of the carbon film. In 
Fig. 5(b) no fringes are observed because the lens is exactly focused on the 
geometrical edge. In Fig. 5(c) fringe 1 is observed outside of the shadow 
of the edge because the objective lens current has been reduced further 
and the image is under-focused. In Fig. s(d) fringe 1 is much more promin- 
ent because the objective lens current has been reduced still further making 
the image more under-focused. 

Observe in this series of micrographs that the distribution of the Fresnel 
fringes around the geometrical edge of the hole in the film is highly 
symmetrical. In Fig. 6 there is shown a micrograph of a hole in a carbon 
film similar to that in Fig. s(a). The image is over-focused. Note that the 
Fresnel fringe in this case is extremely asymmetric. In the direction of 
arrow A the perpendicular edges of the hole are over focused, and the 
Fresnel fringe is clearly visible. The fringes in the other perpendicular 
direction are in focus. The magnitude of the decrease in objective current 
which is necessary to bring the edges perpendicular to arrow A into 
exact focus may be taken as a measure of the degree of asymmetry of this 
image. In fact this type of asymmetry is referred to in electron microscopy 
as astigmatism, since objects in mutually perpendicular directions are 
focused in different planes. However, this is not the kind of astigmatism 
which is classified as a third order lens error. This type of astigmatism is 
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due to asymmetries in the bore of the objective lens or to the effect of 
semi-conducting contaminants either within the lens or on the objective 
aperture. Clearly this type of lens asymmetry limits the resolution which 
can be obtained with the instrument since all image points appear as 
circles of confusion of a diameter related to the difference between the 
two mutually perpendicular focal planes. In fact Haine & Mulvey (1954) 
have devised a method whereby the resolution of the instrument may be 
tested by a measurement of the degree of symmetry in two mutually 
perpendicular directions of over focus Fresnel fringes about a hole in 
a thin film. If the fringes are entirely symmetrically distributed about a 
circular opening then astigmatism does not limit resolution. In practice 
the fringes are not symmetrically spaced with respect to the geometrical 
shadow of the edge of the hole (Fig. 6). The difference in the spacing of 
the fringes near focus can be used to calculate the resolution limit imposed 
by astigmatism. 

Astigmatism of this type can be removed partially from electron lenses 
simply by superimposing on the lens field another field of asymmetric 
distribution and of variable magnitude which can be so placed as to 
oppose the asymmetry of the lens. This can be accomplished in several 
ways. One of the simplest of these is to insert soft iron pellets into the 
brass spacer between the two components of the objective pole piece, 
so that an appropriate opposing field asymmetry can be introduced. It is 
possible in the modern instruments to vary the positions of such pellets 
by external controls so that the astigmatism may be compensated for 
during operation of the lens. Another method involves the superim- 
position of compensating electrostatic fields which can be externally 
controlled. Although astigmatism is greatly reduced by these methods 
it is not entirely eliminated in practice and remains the limiting aberration 
affecting resolution in the Siemens instrument. 


4. SPECIMEN CHARACTERISTICS 


Fig. 7, from Zworykin et al. (1945), presents a plot of the resolution 
versus specimen thickness for an ideal electron microscope objective, 
utilizing accelerating voltages of 50, 100, 200 and 400 kV. It is clear that 
the resolution is limited by the thickness of the specimen to relatively 
high values after a thickness of o-r yu is exceeded. This is true because of 
the relatively poor penetrating power of electrons and is mainly the 
result of the introduction of a severe chromatic error at the specimen level. 
The effect can be reduced by using higher accelerating voltages, but even 
at 100 kV it is clear from the figure that the ideal theoretical resolution 
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Figure 5. A through focal series of a hole in a carbon film is shown. In (a) the image 
is over-focused. The bright fringe appears as a line inscribing a circle slightly larger 
than that made by the geometrical shadow of the edge. (b) is very near true focus. 
A segment of the edge in exact focus is enlarged in the inset. (c) is under-focused and 
the bright fringe now inscribes a circle of smaller diameter than that inscribed by 
the carbon limiting the hole. (d) is more under-focused and the bright fringe is 
more intense and broader. 
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Figure 6. Out of focus photograph of a hole in a carbon film without compensation 
for astigmatism. Note that the edges of the hole are over-focused in a direction 
perpendicular to the arrow A and very nearly in focus in the opposite direction. 


Astigmatism in this instance was due to contamination of the objective 


aperture 
which was used. 


ELECTRON MICROSCOPE 93 


is seriously impaired if a specimen thickness of 0-1 yu is exceeded. If better 
than 10 A resolution is to be achieved the specimen thickness must not 
exceed ~600 A at 100 kV. Cosslett (1955) makes the statement that the 
specimen thickness should not exceed three times the resolution desired 
though other calculations suggest that a thickness of ten times the 
resolution desired might be tolerable. It is clear from this first of all 
that any useful electron microscope specimens must be very much 
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‘oure 7. This diagram presents a plot of the total resolution d in angstrom units 
ets taking into aac various factors against the specimen thickness (d) at 
different voltages. Note that if the specimen thickness exceeds 200-300 A the 
resolution even at high voltages drops off rapidly. Solid curves refer to calculations 
based on effects originating at a plane bisecting the section thickness (d, = d/2). 
Dotted curves refer to the surface of the specimen nearest the objective (d, = 0). 
(Reprinted with permission from Zworykin et al. Electron Optics and the Electron 
Microscope. John Wiley & Sons Inc.) 


94 TOOLS OF BIOLOGICAL RESEARCH 


thinner than those which can be usefully studied by high resolution light 
microscopes. Despite the difficulty imposed by this in preparing suitable 
specimens a consideration of the figures given above for depth of field will 
indicate that there is one advantage inherent in the use of such thin 
specimens. Because of the relatively great depth of field all of the specimen 
is in focus if any of it is in focus. This characteristic of electron lenses 
allows stereoscopic pictures to be taken and is advantageous in shadow 
casting techniques. 


5. TESTS OF RESOLUTION 

The most rigorous test of resolution of an electron microscope involves 
the actual resolution on the photographic plate of two objects of a diameter 
approaching the resolution limit spaced very closely together. Such a 
specimen may be prepared by depositing carbon black particles on a thin 
film of carbon and then depositing evaporated platinum and paladium 
at an angle such that a shadow of the carbon black particles is cast across 
the specimen. The platinum-paladium particles tend to migrate into the 
shadow cast by the carbon black particles. These metal particles measure 
less than ro A in diameter frequently, and are often found separated by 
distances of less than 10 A. Whenever specimens of this sort are used for 
a test of resolution it is advisable to consider only images which can be 
reproduced in two successive micrographs. 

In Fig. 8(a) there is shown an image of a crystal of copper phthalocyanine 
in which a regular series of dense lines is shown, which repeat at a period 
of about 10 A. This type of image can be obtained from such crystals 
even when the lens is considerably out of focus. If the crystals are properly 
placed with regard to the direction of the symmetry such images can also 
be obtained when there is a considerable degree of astigmatism in the 
lens. Such micrographs were first obtained by Menter (1956). He con- 
sidered that these images, while true representatives of the crystal lattice, 
and providing a true measure of spacing between the lattice planes, are 
not good tests of resolution. In all probability such images involve only 
the first order diffractions from the crystal planes. The bands represent 
diffraction fringes, and it is difficult to be sure to what extent they represent 
a true image. Hence the resolution of such crystal spacings, while indicative 
of the ability of the microscope to resolve a 10 A spacing in one direction, 
are not as rigorous a test of resolution as the method discussed above or 
the fringe method of Haine & Mulvey. 

In Fig. 8(b, c, d) there are shown through focus micrographs of a 
Schwann cell surface membrane in a section of a frog peripheral nerve 
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Figure 8. (a) High magnification micrograph of a portion of a crystal of copper 
phthalocyanin. The dense lines are spaced at a period of about 10 angstrom units. 


(b), (c), (d) Through focus series of a Schwann cell surface membrane. Fig. 8(¢) is 
the closest to exact focus. Fig. 8(b) is under-focused and Fig. 8(d) is over-focused. 
Note the changes in the image which are discussed in the text. 


(e), (f), (g) Through focus series of myelin from a sciatic nerve fibre which was 
soaked in distilled water before fixation. The myelin lamellae have come apart along 
the outside surfaces of the Schwann cell unit membranes united during development 
to form the intraperiod lines. Note the high contrast in Fig. 8(e). Here each layer of 
the myelin appears as a very heavy dense line bordered by light zones, bordered 
in turn by less dense lines making units of about rso A across. In Fig. 8(f) which is 
almost in true focus the central dense line of each of these units may still be seen 
but the bordering light zone has largely disappeared and a homogeneous density is 
seen extending out over the 150 A structure. In Fig. 8(g) the image is over-focused 
and the central dense line of each layer is duplicated. 


(From J. biophys. biochem. Cytol., 4, 349-364, 1958. By permission of the Journal 
of Biophysical and Biochemical Cytology.) 
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fibre. Here in the near focus image two dense lines in the order of 20 A 
wide are seen separated by a light zone in the order of 35 A across making 
a unit about 75A wide. In the under-focused image the dense lines are 
thickened and the overall structure appears wider. In the over-focused 
image an entirely spurious effect is obtained in which a single dense line 
is seen bordered by two light zones which are in turn bordered by less 
dense lines. In the micrographs reproduced in Fig. 8(e, f, g) a through 
focus series of the myelin sheath of a nerve fibre is shown. In this instance 
the myelin lamellae have been split apart by soaking the fibre in distilled 
water before fixation. Note the variation in density of the various strata 
as the image runs through focus. In the under-focused image a heavy 
dense line about 30 A wide is seen bordered by two light zones about 
30 A wide which are in turn bordered by dense lines about 20 A wide. 
In exact focus only the heavy dense line is seen in the centre, and this is 
bordered on either side by a more or less homogeneous dense layer of 
about the same width as that bordered by the outer dense layers in the 
under-focused image. In the over-focused image the central dense line 
appears as a double line. The rest of the image is blurred. These effects are 
particularly important in biology in considering the images of regular 
repeating structures such as the lamellae of nerve myelin. The densities 
observed in Fig. 8(b, c, d) may be derived graphically by a consideration 
of the Fresnel diffraction fringes produced by two theoretical dense 
layers about 20 A across separated by a less dense zone about 35 A wide. 
The fringes originating from such dense layers can account for the den- 
sities which appear at the various levels of focus in the actual images. Such 
considerations serve mainly to emphasize the point that careful through 
focus micrographs are required in order to interpret many images which 
are encountered in biological investigations of tissue ultrastructure. 
All of the above indicates that electron microscopes are extremely 
powerful optical instruments, but that their characteristics are such that 
certain limitations are placed on the types of specimen which can be 
usefully studied. In fact, in many cases the biologist’s problem is much 
more importantly concerned with the preparation of adequate specimens 
than with problems of instrumentation. It is appropriate now to discuss 
some of the techniques which are at present available for use in biology. 


VI. Techniques of Specimen Preparation 


Electron microscopes are extremely high resolution and high magnifica- 
tion instruments and are thus not designed to operate on large specimens. 
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At very low magnifications their resolution is hardly better than that of 
light microscopes. Hence low power survey work is best done by light 
microscopy. Thus the foremost requirements for electron microscope 
specimens are that they be small (< 1 mm.) and extremely thin ic few 
hundred angstrom units). Furthermore, they must be held in place in the 
microscope by some kind of support which does not itself defeat the 
efforts at making sufficiently small and thin specimens. We shall begin 
with a consideration of specimen supports. 





A B 


Figure 9. ‘Two types of specimen support grid used in the current Siemens electron 
microscope are indicated. Each grid measures 2:4 mm. in diameter. The one to the 
right is used for serial sections and has slits about 85 « in width. These slits are 
made to cover a field equal to that which can be examined by the earlier models of 
the current Siemens Elmiskop I instruments. 


I. SPECIMEN SUPPORTS 


Specimen supports for electron microscopy are generally less than 3 mm. 
in diameter. It is usually necessary to provide some kind of supporting 
film to hold the specimens in place on a more rigid support for observa- 
tion. Because of the limitations on specimen thickness, such films must 
not exceed a few hundred angstrom units in thickness. Stable films of 
this order of thickness can be made readily from certain compounds such 
as collodion or Formvar. Even thinner films down to about so A in thick- 
ness can be made of carbon. All of these extremely thin films, however, 
are most stable in the electron beam if they cover only a very limited 
area. Hence it is common practice in electron microscopy to use delicate 
metallic grids to support these films. Such a grid is shown in Fig. 9A. This 
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grid is about 25 microns in thickness and is made of deposited copper. Its 
open squares measure about 85 microns across, and the copper boundaries 
between the squares measure about 25 microns across. Another type of 
specimen support which is very useful for the study of serial sections is 
shown in Fig. 9(s). Here the film is supported by parallel grid wires about 
25 microns in diameter separated by open slits about 85 microns wide. 

Films may be used directly for the support of specimens, or the coated 
grid may be placed in a shadow caster and carbon deposited on the film 
from a carbon arc generated in a high vacuum. The underlying plastic 
material may then be dissolved away and an extremely thin and very 
stable film of carbon left coating the grid openings. Suitably small 
specimens such as bacteria, viruses or a variety of macromolecules or 
crystals can then be deposited directly on the film surface in some kind of 
liquid vehicle, either placed directly on the grid as a droplet or sprayed 
on by an atomizer. Such specimens may be viewed directly in the 
electron microscope or they may be treated in a variety of ways so as to 
increase their contrast. 


2. METHODS OF INCREASING CONTRAST OF SPECIMENS 


A widely used method for increasing the contrast of direct specimens 
of the above type is that of metal shadow casting. In this technique, 
specimens are placed in a vacuum and small quantities of a suitable metal 
are evaporated from a heated tungsten filament at a distance and angle from 
the specimen such that a very thin film of metal only a few angstrom 
units thick is deposited over the surface of the specimen. The evaporated 
metal atoms travel in a straight line and are deposited on the specimen 
at an angle such that particles which are elevated from the surface of 
the support film by even a few angstrom units will cast a shadow. From 
the length of this shadow and its outline the thickness and shape of the 
object may be deduced even though it cannot be seen directly. The 
presence of the metal increases greatly the contrast of the specimen when 
viewed directly in the electron microscope. A mixture of platinum and 
paladium is widely used for this type of specimen preparation. 

Recently a technique has been developed (Horne & Brenner, 1958) for 
the deposition of viruses on support films in which the virus particles are 
deposited from an extremely strong solution of phosphotungstic acid. 
After evaporation of the liquid vehicle and examination in the electron 
microscope it is seen that the phosphotungstic acid surrounds the virus 
particles as a dense background matrix and allows the virus to be observed 
as a negative image. By this technique many surface details of the virus 
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are preserved which are lost if the virus is examined directly. In essence 
this method is a form of replication in which phosphotungstic acid forms 
a replica of the surface structures of the virus. 


3. REPLICA TECHNIQUES 

When a material such as collodion or Formvar is deposited on an 
irregular surface in a liquid vehicle, an exact replica of the surface is 
formed as the liquid vehicle evaporates and the plastic deposits as a thin 
film. Such replicas can be made very thin and are exact down to macro- 
molecular dimensions. It is possible to strip these films from many types 
of surfaces and examine the negative replicas of the surface directly in the 
electron microscope on a specimen support grid. The contrast of such 
replicas may be greatly enhanced by shadow casting. 

In the case of certain objects such as crystals of protein, replicas can be 
made and the protein crystals then dissolved away chemically leaving the 
replica intact (Hall, 1953). In such procedures the replicating material 
must resist the chemicals used. Silicon monoxide is commonly used in 
such procedures though it must be deposited by evaporation in a shadow 
caster. It has been found useful in studies of this kind to deposit metal by 
shadow casting on the protein crystals before making the replica. After 
dissolution of the protein material a so-called “pre-shadowed’ replica is 
obtained. By this method some details which could not be brought out 
by shadowing the replica directly are retained. Wyckoff (1949) used this 
method advantageously for viruses, and Hall (1953) used a similar 
technique for edestin crystals. 

The ultimate resolution of replica techniques depends, of course, on the 
characteristics of the molecules of the replicating material. Obviously 
molecular constituents very much smaller than the molecules of the 
replicating material cannot be accurately replicated. Thus when collodion 
is used as a replicating material its own structure limits the resolution to 
~r100 A. This is one of the principal reasons for the use of pre-shadowed 
replicas, for here the replica which is observed in the final image is 
actually formed by individual atoms of evaporated metal. The resolution 
of the replica technique is therefore greatly increased. However, evapor- 
ated metal atoms have a great tendency to migrate on surfaces of deposi- 
tion, and form fairly large aggregates (order of 10-50 A or more). The 
resultant graininess in the deposited film limits the resolution of such pre- 
shadowed replica techniques. Recently Bradley (1958) has developed a 
method whereby much of this tendency for migration and aggregation 
can be greatly reduced. He has found that if a metal and carbon are 
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evaporated together in a very high vacuum and passed through a limiting 
aperture before the specimen is struck, extremely fine grain films can be 
produced. By this method the resolution of replica techniques may be 
greatly improved. It should be possible by this means to produce replicas 
of fairly small molecules which are quite accurate representatives of the 
underlying structure. This technique is, however, still in the experimental 
stage and not yet ready for general use. 


4. SECTIONING TECHNIQUES 


It is apparent from the above that if sections of tissue are to be examined 
in the electron microscope it is necessary to prepare exceedingly thin 
specimens. At first an effort was made to adapt conventional histological 
techniques to electron microscopy. The problem soon resolved itself into 
three separate parts concerned with the microtome, the knife and the 
specimen itself. These will be taken up separately. 


A. THIN SECTIONING MICROTOMES 


The development of adequate thin sectioning techniques has been 
hampered by the fact that very little is known about the physics of cutting 
thin sections of any material. Hence the techniques were developed by 
purely empirical methods. 

One of the first microtomes to be developed exclusively for electron 
microscopy is that of Porter & Blum (1953). This is a mechanical advance 
microtome so designed that the specimen passes the knife edge only on 
the cutting stroke. This ‘single pass’ feature is widely employed in the 
microtomes designed purely for electron microscopy. The Porter-Blum 
microtome can also be used as a thermal advance instrument. 

Hodge, Huxley & Spiro (1954) have developed a particularly simple 
type of thermal advance microtome in some ways resembling the Porter- 
Blum microtome. In this instance the metal rod was mounted at one end 
by means of a thin flexible steel rod which was rigidly mounted to the 
advancing rod at the base of the microtome. Universal motion was then 
achieved simply by bending the flexible rod. The other end of the rod 
was mounted in a sleeve in a wheel mounted in ball bearings which 
rotated during the advance of the rod. The specimen was advanced 
purely by thermal expansion of the rod achieved by means of a heating 
coil wound around its shaft. 

A number of other microtomes have been constructed and placed on 
the market in recent years utilizing the thermal advance, mechanical 
advance or other principles. One of the principles which has been used 
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to achieve the single pass feature is magneto-striction. If a properly shaped 
metal rod is placed in a strong magnetic field its dimensions change 
slightly. This fact is taken advantage of to achieve a ‘single pass’ cutting 
stroke in the Phillips ultramicrotome which utilizes thermal advance to 
move the specimen forward. On each back stroke of the advancing 
mechanism the knife is moved away from the specimen by magneto- 
striction. This principle has not, however, been applied to the actual 
advance mechanism itself. One microtome has been marketed in which 
the specimen advance is achieved by purely mechanical deformation of 
steel produced by means of a spring the strength of which is increased 
with each stroke of a screw feed mechanism. 

Sjéstrand (1953)? has constructed a thermal advance microtome with 
certain novel features. In this microtome the expansion rod giving the 
advance is set eccentrically in a pair of disks which rotate on a shaft 
mounted parallel to the advancing rod. The rod is fixed to the rear disk 
and free to advance through its mount in the forward disk. The microtome 
is purely a thermal advance instrument and the cutting stroke is of the 
single pass type. One feature of the instrument which is particularly 
impressive is its precision knife holder which gives a complete range of 
rotation to the knife as well as movement parallel and perpendicular to 
the line of specimen advance. 

Fernandez-Moran (1955) has constructed another type of thermal 
advance microtome in which the advancing rod is mounted perpendicular 
to the axis of a cylinder which is free to rotate in its mount. Single pass is 
achieved and the microtome is said to perform well. 

Recently a microtome of novel design has been constructed by A. F. 
Huxley (1957) in which mechanical advance is achieved by a system of 
flexible sheet metal couplings deformed by a micrometer screw feed 
operating on a simple lever. This microtome could also be operated as a 
thermal advance instrument. 

Thermal advance microtomes generally are quite satisfactory since a 
very smooth and regular movement of the specimen can be produced. 
They suffer only from the disadvantage that it is difficult or impossible 
to stop the advance and hold it ata given point at will. This is sometimes 
desirable since it is useful to cut a fairly thick (order of 1 micron) section 
from the block face for examination by phase microscopy before thin 
sections are cut for electron microscopy. If this is attempted with a thermal 
advance microtome it is necessary to rack the specimen back after the 
thick section is cut, allow the mechanism to cool, and start again cutting 
thin sections. In this process one almost inevitably cuts several tenths of a 
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micron or even a few microns off the block face before adequate thin 
sections are again obtained. This can be disadvantageous in searching for 
very small structures in block faces. It would be desirable to have a 
microtome combining the features of both thermal advance and mech- 
anical advance in microtomes. If a sufficient range of advance could be 
obtained it would seem that the magneto-striction principle could be 
applied in this way. Another principle which appears not to have been 
explored in this connexion is that of the deformation of crystals in 
response to electric charges. It should be possible to construct a microtome 
utilizing a quartz crystal for its advance, the dimensions of which could 
be controlled, and changes made in a stepwise fashion by electronic 
means. No effort as yet has apparently been expended toward the con- 
struction of a microtome of this type. Many microtomes are available on 
the market from several different companies working on different 
principles that are capable of producing regular specimen advances in 
the range of a few hundred angstrom units. It is even possible to obtain 
less than 100 A unit advances per cutting stroke by means of thermal 
advance. Partly because the Porter-Blum microtome can be used as either 
a mechanical advance or a thermal advance instrument its use has become 
widespread. 


B. THIN SECTIONING KNIVES 


The first effort at cutting thin sections of tissues were made by utilizing 
steel knives of the conventional type used in cytology. Elaborate sharpen- 
ing techniques were developed in a number of laboratories utilizing fine 
lapping techniques to obtain knife edges of the appropriate degree of 
sharpness free from undesirable irregularities. The greatest success in this 
direction was achieved by Sjéstrand (1951) using ‘injector’ type razor 
blades. He was able to obtain exceedingly good steel edges with his 
lapping techniques. However, his method has not gained wide acceptance. 
It might be mentioned that it is practically impossible to sharpen a steel 
edge even by Sjéstrand’s technique so that a completely perfect cutting 
edge is obtained, because inhomogencities invariably present in steel 
result in very small but noticeable irregularities in the edges of even the 
finest knives. 

In an effort to circumvent the difficulties which were apparently inherent 
in the steel knife methods, Latta in 1950 conceived the idea of using 
freshly broken edges of glass as cutting surfaces. He and Hartman (1950) 
then developed a technique for breaking glass into pieces of a suitable 
geometry for cutting thin sections. The glass knife technique utilized in 
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the author’s laboratory is adapted from a method devised by Cameron 
(1956). It is possible by means of this technique to obtain knives cheaply 
and quickly which are quite satisfactory for cutting sections in the range 
of a few hundred angstrom units in thickness. It is necessary, however, to 
examine each edge microscopically in order to choose a suitable one for 
cutting. This is routinely done by observing the light reflected from the 
edge with a stereoscopic microscope at about 30 X magnification. The 
knives are held so that incident light strikes the edge at a very small angle 
with the top surface of the knife, and is reflected at about 45° into the 
microscope lens. Good edges appear as fine smooth lines. Poor ones 
appear fuzzy and most nicks and striations are clearly visible. Some use a 
dark field microscope for this purpose, but striations are not noticeable in 
sections made with knives chosen by the above technique. The edges 
remain good for a week or so if the knives are stored in a dessicator. 

Fernandez-Moran (1953) has carried the glass-knife conception a step 
further by utilizing a precious stone in place of glass. He has developed 
a technique for manufacturing diamond knives which is apparently very 
satisfactory. These knives are said not to require renewal with anything 
like the frequency encountered with glass. Several investigators have had 
considerable success with these diamond knives, particularly when cutting 
exceptionally hard materials such as bone or metals. Indeed the diamond 
knife technique appears to be essential for cutting thin sections of some 
metals. 


C. EMBEDDING TECHNIQUES FOR SECTIONING 


As mentioned above the first efforts to cut thin sections of tissues for 
examination by electron microscopy were made on blocks’ of tissue 
embedded in paraffin and collodion. This method was soon discarded 
because of the difficulty of obtaining sufficiently thin sections from such 
blocks. A major advance occurred when Newman, Borysko & Swerdlow 
(1949) developed a technique for embedding whereby tissues were 
impregnated with a liquid monomer of n-bulyl methacrylate which 
could subsequently be polymerized to form a hard plastic block yielding 
extremely thin sections. The methacrylate method became standard and 
was used by practically all workers until recently. This method, however, 
possessed several serious disadvantages which have been reviewed recently 
by Moore & Grimley (1957). One of the principle difficulties of the 
technique was associated with irregular volume changes occurring during 
the polymerization process within the tissue. Perhaps the most serious 
defect however was associated with the fact that the embedding medium 
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is altered by the electron beam in a manner such that it disappears from 
the specimen support under ordinary operating conditions. After this 
‘sublimation’ of the embedding material delicate tissue structures in the 
range of a few hundred angstrom units or less in thickness and of com- 
parable lateral dimensions tend to be altered by the beam so that very 
fine structures cannot be accurately observed. 

Many of the difficulties of methacrylate embedding have recently been 
circumvented by the introduction of epoxide resin embedding techniques 
by Maaloe & Birch-Anderson (1956) and by Glauert Rogers & Glauert 
(1956, 1958). The araldite embedding technique of the latter authors has 
proved extremely satisfactory and is gaining wide acceptance in preference 
to the older methacrylate embedding techniques. The principle advantages 
of the araldite embedding technique are concerned with the minimization 
of volume changes during polymerization, and the fact that the embedding 
medium tends to disappear less in the electron beam than other media. 

Recently another plastic embedding medium possessing many of the 
properties of araldite has been introduced by Kellenberger and his 
associates (1956). This material “Vestopal W’ also does not ‘sublime’ in 
the electron beam and appears to have an advantage over araldite in that 
its electron scattering power is lower. Hence higher contrast can be 
obtained in sections of Vestopal embedded material than can be obtained 
with araldite. In fact the contrast with Vestopal appears to be comparable 
to that obtained with methacrylate. The use of this material, however, 
has not yet become widespread. 

Recently a technique has been introduced by Gibbons (1958) which 
utilizes a water soluble resin ‘Aquon’ which can itself be used to dehydrate 
the specimen. After this material has replaced the water in the specimen 
it can be polymerized to make a block suitable for thin sectioning. This 
method promises to circumvent the alcohol or acetone dehydration 
procedures which are now so widely used, and may permit the use of 
fixing agents which are now unsatisfactory because of the disruption of 
the tissue caused by dehydration with lipid solvents. 


D. FIXATION TECHNIQUES 


An adequate discussion of the problems of fixing tissues for electron 
microscopy would exceed the scope of this paper. Nevertheless, a few 
statements of principle seem appropriate. 

Fixation in the sense used here may be defined as that process whereby 
certain of the chemical constituents of living tissues are immobilized in a 
state resembling that of the living system and made resistant to alteration 
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by the procedures involved in their examination by microscopical 
methods. For example, living cells viewed by phase microscopy are 
usually characterized either by movement of the cells themselves or of 
intracellular constituents. A good fixing agent stops all this movement 
dramatically but produces very few other observable changes. Observa- 
tions of this kind are sometimes used to judge the quality of a fixation 
technique. If the technique is good, all motion ceases very quickly and 
very little change occurs as the cell is dehydrated with alcohol and 
embedded in some medium in preparation for sectioning. 

However, in operational terms this criterion does not extend directly 
to electron microscopy. It is applicable only within the frame of reference 
defined by the conditions under which the observations are made. As 
regards dimensions well resolved by light microscopy it is perhaps 
adequate, but even here it must be remembered that definite limitations 
exist. For example, objects in motion may not have been observed 
before fixation and may have been lost during fixation so that they are 
still not observed. Thus negative observations must be considered entirely 
outside the frame of reference. Care must be taken to account for the 
optical limitations of the observational method used and spurious features 
which may be introduced by them. In fact as indicated elsewhere in this 
volume (Barer, 1959) any observation of a living cell by phase microscopy 
must be regarded as an experiment within itself in which a number of 
variables operate to affect the result. Thus any particular structure must 
be considered in isolation, before and after fixation, before an assessment 
of quality of fixation can be made. 

Since it is impossible by any known technique to observe living cells 
directly in the dimensional range with which electron microscopy is 
concerned it is necessary for the electron microscopist to seek other 
operational methods for judging quality of fixation than the direct ones 
which may be used by the light microscopist. He is forced to resort to a 
frame of reference derived from observations of living cells by indirect 
methods. The principle techniques which give this kind of information 
about structure in the range of macromolecular dimensions are polariza- 
tion optical analysis and X-ray diffraction. Unfortunately, these techniques 
can yield information about only relatively few of the structures with 
which the electron microscopist is concerned. It is possible, however, to 
resort to chemical analysis of cellular constituents, and to characterize 
them by physical chemical techniques. From these characteristics it is 
possible to build up certain independent references. For example, model 
systems of known chemical constituents may be studied which may be 
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useful, though this method must be employed with great caution. In fact, 
as in light microscopy every observation must be regarded as an experi- 
ment. 

It is sometimes possible to discard specimens in electron microscopy 
because they do not fulfil the criteria set by the operational methods 
described above for light microscopy. A cell may be so disordered in 
relatively large dimensions that it does not resemble the living cell. 
Fixation may be considered a failure in such cases. The difficult problem 
arises when the criteria for good fixation by light microscopy are met. In 
a sense a certain degree of order may be taken as suggestive of good 
fixation. It does not follow, however, that a high degree of order, of 
itself, indicates good fixation. For example, myelin forms are highly 
ordered structures which may be convincingly shown by light micro- 
scopy to result from damage to cells leading to death. 

It is not possible to apply the methods mentioned above to every situa- 
tion in which the electron microscopist is called upon to judge quality 
of fixation. In such situations the judgment is very complex and quite 
often is incorrect. The main criteria applied in such situations may often 
of necessity involve references to consistency with previous findings or 
with theories or with degree of order in the structures concerned. Major 
misconceptions can easily arise from such observations in electron micro- 
scopy and an effort should always be made to find independent references. 
The validity of the observations is limited if this cannot be done. 

A variety of fixation techniques have been used in electron microscopy 
but by far the most successful of these are chemical. Fixation by ‘de- 
naturation’ brought about by drying, heat or alcohol have been employed 
but with very limited success. Chemical fixation with OsO, or KMnO, 
are the most commonly employed methods. Other types of chemical 
fixation involving formaldehyde, mercury or chromium compounds 
either separately or in combination with OsO, or KMnO, have been 
less successful though some success in fixing muscle and alcohol extracted 
nerve myelin has been achieved with phosphotungstic acid alone. 

The most widely used fixative in electron microscopy is OsO, but 
KMnO, seems superior for membrane structures and is coming into 
wider use. The mechanism of fixation in both these cases is unknown 
though some chemical studies have been made. Stoeckenius (1958) has 
presented certain evidence in keeping with the traditional view that OsO, 
fixation of phospholipids is related to unsaturated double bonds, but 
other reactions are almost certainly involved. Much further study is 
needed before the mechanism can be considered understood. 
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The OsO, and KMnO, techniques used in this laboratory are slight 
modifications of the techniques of Palade (1952) and of Luft (1956) 
respectively. In each technique the fixative is chilled in ice water and all 
washing and dehydration procedures are carried out at o-4° C. The length 
of time that the tissue is left in the fixative and the pH are important. 
About three hours at pH 7:4 generally yields satisfactory results. 

Phosphotungstic acid is widely used as a post-fixation stain for increasing 
the contrast of tissue sections. Contrast is of great practical importance 
in determining resolution in tissue sections. It is directly related to the 
atomic numbers of the elements present in the specimen. Thus it 1s not 
surprising that heavy metals such as Os and W increase contrast. How- 
ever, it is rather surprising that KMnO, fixed specimens appear to have 
as much contrast as OsO, fixed specimens since the atomic number of 
Mn is much lower. Full evaluation of this must await further information 
about the chemistry of fixation and perhaps a better understanding of 
image formation. 

The above brief and incomplete review of electron microscope tech- 
niques should make clear the fact that a very fruitful field of investigation 
is now open which can be explored in many directions. It is now proposed 
to present certain findings concerned with the ultrastructure of nerve 
fibres which have only recently resulted from applications of the tech- 
niques mentioned above. These findings are concerned with the problem 
of cell membrane structure. 


VII. The Ultrastructure of Peripheral Nerve Fibres in Relation to 
the Molecular Structure of Cell Membranes 


It is the purpose of this section to indicate the way in which current 
knowledge of the ultrastructure of peripheral nerve fibres provides a 
key to an understanding of the molecular structure of cell membranes 
and membranous cell organelles generally. In order to understand this it 
is necessary first of all to consider the ultrastructure of unmyelinated 
nerve fibres because their plan of organisation provides a key to an 
understanding of the structure of myelinated nerve fibres. The structure 
of myelinated nerve fibres provides a key to an understanding of the 
molecular structure of the Schwann cell membrane and probably of 
membranes in general. Only peripheral nerve fibres will be dealt with. 
We shall begin then with the ultrastructure of unmyelinated nerve 


fibres. 


ELECTRON MICROSCOPE 107 


I. UNMYELINATED NERVE FIBRE STRUCTURE 


The ultrastructure of unmyelinated nerve fibres can be considered in 
two parts. The first concerns their general pattern of organization. The 
second incorporates the detailed structure of their membranes. These two 
categories will now be dealt with. 

Our knowledge of the general pattern of organization of unmyelinated 
nerve fibres originated with the work of Gasser (1952). It was known 
from light microscopy that unmyelinated nerves consisted of axons 
intimately associated with satellite cells. There was reason to believe that 
the Schwann cells were syncytial in character and that axons were included 
completely within their cytoplasm. Gasser showed, however, that the 
axons and Schwann cells were entirely separate membrane bounded 
entities, which were intimately related to one another. He demonstrated 
that axons that apparently lay completely surrounded by Schwann 
cytoplasm were in fact connected to the outside by a paired membrane 
structure for which he invented the name ‘mesaxon’. According to his 
conception the axon was simply suspended within the Schwann cell by 
an invagination of the Schwann cell membrane analogous to the in- 
vagination of the peritoneal cavity by the gut in the vertebrate coelom. 
He believed that the continuity of the Schwann cell membrane was 
maintained as is that of the peritoneum in the coelom. The mesaxon 
according to this view is analogous to the mesentery and consists of two 
apposed. Schwann cell membranes. This analogy is a useful one if it is 
not carried too far. According to Gasser then unmyelinated peripheral 
nerve fibres are constructed in the manner indicated in Fig. 10. He also 
observed that axons were not always completely embedded in the 
Schwann cell and that the axon membrane was sometimes exposed 
directly at the surface as indicated in the figure. In his studies of olfactory 
nerve fibres he also demonstrated that more than one axon could some- 
times be included with a single invagination of the Schwann cell surface. 

When Gasser’s (1955) conception of unmyelinated nerve fibre structure 
was first presented there was considerable doubt regarding the nature of 
paired or so-called ‘double’ membrane structures such as that typified by 
the mesaxon and the axon-Schwann membrane. This type of paired 
membrane structure occurs generally in many types of tissue wherever 
cells are in close apposition with one another. It was clear from the 
beginning that these structures consisted of two cell membranes in 
intimate association but it was not at all clear where one cell membrane 
ended and the other began. It was commonly believed in accordance with 
classical concepts (Robertson, 1958!; Davson & Danielli, 1952) that each 
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Figure 10. Diagram of an unmyelinated nerve fibre. A single Schwann cell is shown 
with three embedded axons. The axons lie in troughs in the surface of the Schwann 
cell. Sometimes the enveloping lips of Schwann cytoplasm come together round 
the axon and form a paired membrane structure referred to by the term mesaxon (m) 
Note the varying degree to which axons may be embedded in the surface of Schwann 
cells and that mesaxons are therefore not always present. 


(From The Structure of Cells, 37, 166, 1958. By permission of The Royal Institution 
of Great Britain.) 


cell membrane contained lipid and protein layers, but it was not clear 
how many layers might be present. Sjéstrand (19531) believed that the 
entire light zone between the two dense lines of such double membrane 
structures consisted of lipid with the dense lines representing protein layers 
separating the lipid from cytoplasm. These matters were reviewed by the 
author (Robertson, 1957) and more recently by Schmitt & Geschwind 
(1957) and again by the author (1958). 

These early conceptions of double membrane structure have now been 
further revised as a result of the author’s work utilizing the new fixation 
and embedding techniques discussed above. After fixation in potassium 


ELECTRON MICROSCOPE 109 


permanganate and embedding in araldite, it has been clearly demonstrated 
that both Schwann cell membranes and axon membranes each measure 
about 75 A across and appear as a pair of dense lines about 20 A wide 
separated by light spaces about 35 A across (Robertson, 1957). A through 
focus series of micrographs of one of these 75 A unit membranes is shown 
in Fig. 8 (b-d). It is clear, as will be shown below, that all of the lipid 
and non-lipid molecular layers are contained within this 75 A structure. 





Figure 11. Diagrams indicating the evolution of nerve myelin (myl.). In (a) a single 
axon is seen related to one Schwann cell (Sch.) in a manner described for 
unmyelinated nerve fibres. A short mesaxon (m) is present. In (b) the mesaxon is 
elongated about the axon in a simple spiral, and the two outside surfaces of the 
Schwann cell unit membranes (u) forming the mesaxon are in contact. In (c) the 
mesaxon loop has elongated around the axon several times and the loops have 
come together along their cytoplasmic surfaces to make the major dense lines. The 
intra-period lines are formed by the line of contact of the outside surfaces of the 
unit membrane of the primitive mesaxon. ax.-Sch.-axon-Schwann membrane. 


(From J. Phys., 142, 9. By permission of The Journal of Physiology.) 


There is left between the two membranes of these paired membrane 
structures (e.g. mesaxons) a layer of material measuring 100-150 A across 
which is very highly hydrated and does not appear to be a part of the 
organized membrane structure. This material is probably continuous 
with and closely related to the intercellular ground substance (Robertson, 
1958). In Fig. 10 the Schwann cell and axon membranes forming the 
and axon-Schwann membrane are indicated in a diagram of an un- 
mesaxon myelinated nerve fibre incorporating the organizational pattern 
first observed by Gasser as well as the membrane details. It is now 
useful to consider the patterns of development of myelinated nerve 
fibres with emphasis on membrane contact relationships. 
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2. DEVELOPMENT OF PERIPHERAL NERVE FIBRES 


The sciatic nerves of mice during the first two weeks of development 
after birth have been studied in detail with the utilization of permanganate 
fixation and araldite embedding, and it is now possible to describe certain 
changes in membrane relationships bearing importantly on the molecular 
structure of cell membranes. The observations confirm and extend the 
spiral myelin concept (Geren, 1954). At birth these nerve fibres are largely 
unmyelinated though some fibres exhibit thin myelin sheaths. Among the 
unmyelinated fibres it is possible to distinguish two classes, one of which 
apparently will differentiate into adult unmyelinated fibres, and the other 
of which will differentiate into adult myelinated fibres. These two classes 
of fibres differ in certain important ways, but are basically similar in 
organization. The future unmyelinated fibres consist of aggregates of 
more than one Schwann cell in apposition with one another. Each 
Schwann cell has associated with it aggregates of axons not unlike those 
seen in olfactory nerves by Gasser (1956). A micrograph of such a fibre is 
shown in Fig. 12. The future myelinated fibres on the other hand consist 
of isolated Schwann cells with only one related axon. 

At any stage from the first few days after birth to the 16th day of 
development of mouse sciatic nerve fibres, all stages in the evolution of 
nerve myelin may be observed. The myelinating fibres have been 
arbitrally divided into three groups, (1) protofibres, (2) intermediate 
fibres, and (3) myelinated fibres. These will be considered separately. 


(1) Protofibres. The earliest fibres in the medullating group resemble 
unmyelinated fibres in their pattern of organization. They consist of a 
single Schwann cell with a single related axon (Fig. r1(a)). The axon is 
embedded in a trough in the surface of the Schwann cell, and usually the 
mesaxon is quite short. Characteristically the area of Schwann cell seen 
in cross section in these fibres is very much larger than the area of axon. 
As development proceeds the mesaxon is progressively elongated and 
extended around the axon in a spiral, as indicated in Fig. 11(b). With 
the completing of one loop of the spiral the fibres become classified under 
the heading of intermediate fibres. 


(2) Intermediate Fibres. Intermediate fibres show various stages in the 
elongation of the mesaxon. This paired membrane structure is extended 
around the axon in several loops of a simple spiral. At this stage of develop- 
ment the relationship between the Schwann cell and axon membrane is 
clearly defined. In Fig. 13 the ~ 75 A unit membrane of the Schwann 
cell may be seen externally and traced into the mesaxon and the axon- 
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Figure 12. Unmzyelinated fibre from young mouse sciatic nerve. Mag. 60,000. 
< c Oo 


(From J. biophys. biochem. Cytol., 4, 349-364, 1958. By permission of The Journal 
of Biophysical and Biochemical Cytology.) 
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Figure 13. A young myelinating fibre in which only two mesaxon loops have 
formed. Mag. 120,000. 


(From J. biophys. biochem. Cytol., 4, 349-364, 1958. By permission of The Journal 
of Biophysical and Biochemical Cytology.) 
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Figure 14. Adult myelinated fibre showing outer mesaxon after KMnO, fixation. 
One may see the way in which the major dense line originated by the apposition 
of the cytoplasmic surfaces of the mesaxon loops. Mag. 120,000. 


(From The Structure of Cells, 37, 166, 1958. By permission of The Royal Institution 
of Great Britain.) 
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Figure 1s. Adult frog myelinated nerve fibre showing the inner and outer mesaxons 
after OsO, fixation. Note that the major dense line splits here as the mesaxons leave 
the mpelin in exactly the same manner as seen after permanganate fixation. The 
intraperiod line is not clearly shown in this micrograph as is often the case after OsO, 
fixation although sometimes it appears clearly. At the outer free surface after the two 

components of the mesaxon part only the inner cytoplasmic density of the Schwann 
cell membrane is regularly visible. The outer dense layer is not well preserved after 
OsO, fixation and does not often appear in such micrographs. Mag. 114,000. 


ELECTRON MICROSCOPE iM Wa 


Schwann membrane as a continuous structure. At this stage the mesaxon 
and to some extent the axon-Schwann membrane characteristically 
appear as ‘external compound membranes’ (Robertson, 1958)?; that is 
they each measure ~ 150 A across and consist of two ~75 A unit 
membranes in contact without an intervening gap such as is commonly 
seen in the axon-Schwann membrane in adult fibres. At a later stage of 
development the spirally evolving mesaxon loops come together along 
their cytoplasmic surfaces to make two lamellae of compact myelin. The 
fibres are considered to be myelinated from this stage onwards. The 
major dense line of compact myelin is produced by contact of the two 
cytoplasmic surfaces of the mesaxon loops and the intraperiod line by 
contact of the two outside surfaces of the unit membrane of the mesaxon. 
The first two lamellae of compact myelin may be formed at any stage 
after the evolution of the first complete mesaxon loop. Sometimes as 
many as six complete mesaxon loops are seen in cross section without 
the formation of compact myelin. It appears likely that at some other 
level the loops would be in contact and indeed this is suggested by 
longitudinal sections in which compact myelin may be shown in one level 
but completely separated mesaxon layers in other levels. In this sense then 
distinction between intermediate fibres and myelinated fibres is artificial. 


(3) Young Myelinated Fibres. Fig. 11(c) is a diagram of a fairly young 
myelinating fibre in which only three myelin lamellae have formed. 
Adult myelin is shown in Figs. 14 and 15. The outer end of the mesaxon 
loop and the inner end may be clearly observed in Fig. 15. Note that their 
position of entry into the compact myelin and exit from it are consistent 
with the maintenance of the simple spiral relationship throughout the 
evolution of myelin. The repeating myelin layers in both figures consist 
of major dense lines measuring ~30 A across repeating radially at a period 
of about 120 A. Between the major dense lines, less dense lines are seen 
which measure about the same thickness but appear distinctly different. 
These are the ‘intraperiod lines’. From the relationships indicated in 
Fig. 14 it is clear that the major dense line is formed by the apposition of 
the cytoplasmic surfaces of the Schwann cell unit membrane and the 
intraperiod line by the outside surface of the two unit membranes of the 
mesaxon. It is of considerable interest that these two lines appear so 
differently in the micrograph. This difference suggests that the outside 
surface of the Schwann cell membrane is chemically different from the 
inside surface despite the fact that the unit membrane when seen alone 


appears symmetrical. 
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3. ADULT MYELINATED FIBRES 

Figs. 14 and 15 show adult myelinated fibres in which the outer 
mesaxon may be seen at sufficient magnification to show the critical 
regions at which the mesaxons leave the compact myelin structures. It is 
possible from such micrographs as this to trace out every layer seen in 
compact myelin and demonstrate that only two Schwann cell unit 
membranes are included in the compact myelin structure. Both the inner 
and outer mesaxons can be seen in Fig. 15 after fixation with OsO,. 
Note that here also as in Fig. 14 after KMnO, fixation the major dense line 
is formed by the joining of the cytoplasmic surfaces of the mesaxon 
loops. The major dense lines repeat radially at ~120 A as they do in 
material fixed with KMnO,. The intraperiod lines are present though 
not clearly seen in this micrograph as is often the case after OsO, fixation. 
From these facts it is clear that the dense and light strata seen in myelin 
after both KMnO, and OsO, fixation represent identical layers and do 
not represent fixation artifacts. 


4. THE MOLECULAR STRUCTURE OF MYELIN AND SCHWANN CELL MEMBRANES 


It is clear from the above findings that the repeating unit in nerve 
myelin on symmetry grounds alone consists of the constituents of a 
single mesaxon. Within compact myelin in the fixed and embedded 
material from which sections are taken for electron microscopy this 
structure repeats radially at a period of about 140 A. X-ray diffraction 
studies (Schmitt, Bear & Clark, 1935; Schmitt, Bear & Palmer, 1941; 
Finean, 19531, 1955; Finean & Robertson, 1958) of fresh nerve fibres have 
revealed a radially repeating structure measuring 170-180 A and at first 
it was not entirely clear how the X-ray diffraction data and the electron 
microscope data could be integrated. 

Finean (1953)? and Fernandez-Moran & Finean (1957), however, have 
performed certain experiments which have greatly clarified this problem. 
They studied the changes in the myelin structure by X-ray diffraction 
during fixation with osium tetroxide. They found that fixation with 
OsO, alone reduced the period from 170 A down to 140 to 145 A and 
dehydration with alcohol reduced it further to about 130 A. Embedding in 
methacrylate then increased it to about 140-150 A. It was thus shown that 
in the methacrylate embedded tissues ready for sectioning and examination 
by electron microscopy the myelin period was in the range of 140-150 A. 
Now it is an observed fact that after a thin section is cut, placed on a grid 
and examined within the electron microscope a certain amount of 
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shrinkage occurs. This is associated with heating of the specimen caused by 
bombardment with the electron beam and can be observed readily with 
the naked eye as the beam intensity is raised to a workable level. It appears 
almost certain that this shrinkage reduces the myelin period from about 
150 A to the observed 120 A period detected in most electron micrographs 
(Robertson, 1957). 

On the basis of the symmetry consideration mentioned above, it appears 
highly probable that the repeating unit seen in myelin by electron micro- 
scopy is identical with the repeating unit detected in living fibres by 
X-ray diffraction. If this conclusion be accepted then it follows that the 
information which we have about the molecular structure of the myelin 
repeating unit can be extended to the Schwann cell surface membrane, 
for myelin, is, after all, simply an extensively elaborated surface membrane. 
From the early studies of W. J. Schmidt (1936) by polarization microscopy 
and the X-ray diffraction studies of Schmitt and his co-workers cited 
above, the general pattern of organization of the molecular constituents 
present in myelin has been known. It is clear that myelin contains molecu- 
larly thin layers of protein the polypeptide chains of which are primarily 
oriented tangentially and layers of lipid molecules, the long axes of which 
are radially arranged. Since the pioneer work of Irving Langmuir (1917) 
on monomolecular films of lipids spread on a water surface, it has been 
supposed that lipids aggregate when completely enclosed by aqueous 
media into bimolecular leaflets with the nonpolar lipid carbon chains 
oriented toward one another and the polar ends of the molecules in the 
adjoining aqueous phase. Schmitt, Bear & Palmer (1941) showed that 
such lipid systems could be made to yield coherent X-ray diffraction 
patterns. At various degrees of hydration these patterns showed changes 
which could best be interpreted by the assumption that water entered 
between bimolecular leaflets and separated them to varying degrees in a 
regular manner. This work suggested that single bimolecular leaflets 
could exist free in aqueous media. It seems reasonable to suppose because 
of the predominantly hydrophilic character of most proteins, that proteins 
would associate with those bimolecular leaflets in aqueous systems along 
the hydrophilic surfaces. 

Finean (1955) has added certain technical refinements and has modified 
these patterns from his own work, and now believes that the repeating 
unit is constructed as shown in Fig. 16. In view of the evidence presented 
above it now seems reasonable to superimpose Finean’s conception of the 
molecular structure of the myelin repeating unit on the structure seen by 
electron microscopy. It is then possible to extrapolate to the Schwann cell 
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Figure 17. To the left there is shown a diagram of an outer mesaxon leaving adult 
myelin and separating into the two parts of the Schwann cell membrane by which 
it is formed. To the right Finean’s conception of the molecular structure of the 
repeating unit seen in myelin is superimposed on the diagram of the relationships seen 
by electron microscopy. The information contained in the diagram to the right is 
extrapolated out to the Schwann cell surface and leads to the conclusion that the 
Schwann cell surface consists of a single bimolecular leaflet of lipid the polar surfaces 
of which are covered by monolayers of non-lipid material. 


(From Brit. med. Bull., 14, No. 3. By permission of the British Medical Bulletin.) 
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It is interesting in connexion with the above to consider the appearance 
of model systems of lipids in electron micrographs of sections after 
fixation. An alcohol-ether extract of nerve tissue has been studied recently 
by the author. Crystalline material appears in the sealed flasks containing 
such extracts after standing at 0°-4° C. for a few days. This material has 
been fixed with both OsO, and KMnO, and embedded and sectioned. 
At low magnifications the material consists of irregularly arranged 
tapering tactoid-like bodies which at high magnification show a system 
of repeating strata < 20 A wide spaced at a period of ~ 40 A. In the 
limit these tactoid-like bodies seem to taper down to a single pair of 
dense lines making a structure looking very much like the Schwann cell 
membrane but measuring ~ 50 A across. It is believed that this structure 
represents a single bimolecular leaflet of lipid. It is interesting that if two 
monolayers of non-lipid measuring ~ 10-15 A in thickness were added 
to this structure it would measure ~ 75 A and perhaps look like the cell 
membrane. It should be mentioned that layered structures of this sort 
have also been observed by others in lipid model systems (Geren & 
Schmitt, 1953; Ito & Fawcett, 1958) though interpretations have 
differed. The very beautiful recent work of Stoeckenius (1958) on such 
systems is most illuminating though his interpretations do not agree 
altogether with those given here. Such studies may serve to clarify greatly 
the problem of the molecular structure of cell membranes. 

The intraperiod lines in an adult myelinated nerve fibre after fixation 
with OsO, appear as broken lines sometimes interrupted and some- 
times represented by rows of granules or dots. This type of picture 
is characteristic of OsO, fixation when a fibre is embedded in metha- 
crylate and is also seen after araldite embedding following OsO, 
fixation though there is here somewhat less shrinkage due to electron 
beam effects. 

Fig. 15 as mentioned already shows a segment of adult myelin fixed in 
OsO, and containing both the outer and inner mesaxons. Here the major 
dense lines repeating radially at a period of about 120 A are clearly shown, 
but the intraperiod lines are not distinct. Note the regions in which the 
mesaxons split off from compact myelin. It is observed here that the 
major dense line splits into two dense layers in this region. 

Though it is difficult to make precise measurements because of the 
relatively great thickness of the sections, it is apparent that the major 
dense line which measures only about 30 A across splits into two com- 
ponents in this region. The actual thickness of each component dense 
layer must be less than 20 A but this is not measurable with any degree of 
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accuracy in the sections because of their thickness. It is quite clear, how- 
ever, from this relationship that the major dense line of myelin is formed 
by the intimate apposition of the inside surfaces of the Schwann cell 
membrane brought into apposition in the spiral. An identical relationship 
has been indicated above in nerve fibres fixed with KMnOg. It can then 
be concluded that the major dense line in both OsOy, fixed and KMnO, 
fixed material represents the same constituents. The major dense line in 
each case represents the product of combination of the inside constituents 
of the Schwann cell membrane. In the case of KMnO, fixation the outside 
halves of the Schwann cell membrane which are united in compact 
myelin to make the intraperiod line are retained throughout the length 
of the mesaxon and appear in the Schwann cell surface itself. On the other 
hand, after OsO, fixation this outside half of the Schwann cell membrane 
is not clearly seen at the free surfaces of the Schwann cell, or even in the 
mesaxon. In these regions only the thin layer next to cytoplasm is regularly 
observed. This layer measures as little as 20 A in some regions, and in 
others as much as 50 A or more. This variability in the thickness measured 
is probably due to the relatively great thickness of the sections. In some 
regions the outer dense layer of the unit membrane can be seen after 
OsO, fixation, but its occurrence is very erratic. It is apparent from the 
relationships that KMnOy, fixes the entire Schwann cell membrane 
making both its outside and inside strata visible as independent layers 
outside of compact myelin, while OsO, only shows both layers inside 
compact myelin. The outer component apparently is not sufficiently well 
fixed after OsOg treatment to prevent its dissolution and loss during the 
procedures associated with preparation of the material for observation. 
It appears then that KMnOy, gives a more accurate representation of cell 
membrane structure in this case than does OsO,. 

It seems reasonable to conclude from the above, if the X-ray analysis 
is correct, that the pattern of densities observed in the Schwann cell unit 
membrane is indicative of an underlying pattern of molecular organiza- 
tion of a single bimolecular leaflet of lipid with two monolayers of non- 
lipid material. It is also clear that the same kind of molecular structure is 
probably present in the axon mémbrane because the same ~75 A unit 
membrane structure is observed. But what of other cell membranes: 
Is this a pattern of organization which is peculiar to nerve fibres or does 
this pattern have a more general significance? In an effort to answer this 
question a survey of a number of different cell types has been conducted 
utilizing the techniques used in the above studies, The general results of 
this survey will now be considered. 
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General Survey of Cell Membranes and Membranous Cell 
Organelles 


This survey was conducted primarily on young mouse tissues but a 
number of adult mouse and frog tissues were included and in addition to 
this a certain amount of invertebrate material was surveyed. A few cat 
tissues were also studied. Several articles have been found in the literature 
in which isolated observations of cell membrane structure have been 
made by others which can be directly correlated with the findings reported 
here. All of these observations suggest that the pattern of organization of 
all cell membranes is similar to that of Schwann cell membranes. Thus a 
range of cells in different animals have membranes consisting of two 
dense lines ~ 20 A across separated by a light zone ~ 35 A across making 
a unit ~ 75 A across. The same type of structural pattern has also been 
seen at the surface of certain plant cells by Buvat & Lance (1957). Mercer 
(1957) has observed a similar structure at the surface of amoebae, and 
Roth (1956) at the surface of certain protozoa. Sager & Palade (1957) 
have seen a similar pattern after OsO, fixation at the surface of certain 
plant cells. These observations in the literature were often made on 
material which in other preparations failed to show this type of structure. 
This is understandable in terms of the somewhat erratic fixation of the 
outer layers of the cell membrane with OsO,. For example, Zetterqvist 
(1956), Sjéstrand & Zetterqvist (1956) have observed clearly this type of 
structure on the microvilli of the striated border of mouse intestinal 
epithelium, but within the same epithelium deeper in the cells they 
observed only a single membrane of much smaller dimensions. Zetterqvist 
considered these differences to be indicative of fundamental differences in 
the pattern of organization of the membrane in the living state. However 
after KMnO,, fixation the same pattern is seen over both these regions 
though less clearly over the microvilli. It thus appears that the ~ 75 A 
unit membrane pattern applies here also. 

In a section of mouse intestinal smooth muscle the boundary between 
two muscle cells can be seen as ~ 75 A unit membranes separated by a 
gap of approximately 100 A. In all other types of cell studied the appear- 
ance of the membranes after KMnO, fixation was the same. However, 
it was noted that the outer dense strata in the microvilli of mouse intestinal 
epithelial cells and the brush border of mouse proximal convoluted 
tubular cells was less dense and sharp than elsewhere. Nevertheless, the 
same structural pattern was evident. The following other types of cell 
were examined and in each case the cell membrane appearance was the 
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same as that found in nerve fibres: skeletal muscle, endothelial cells, liver 
cord cells, red blood cells, white blood cells, central nervous system cells, 
epithelial cells of skin. Tissues from several different animals of different 
phyla were included and in every case the ~ 75 A unit membranes were 
seen. It thus seems reasonable to state that this structural pattern of the 
~ 75 A unit membrane is quite general in cells. Thus cell membranes may 
generally consist of a regular arrangement of lipid and non-lipid molecules. 
It might be added that the same structural pattern is seen in all of the 
membranous cell organelles studied including mitochondria, endoplasmic 
reticulum, etc. It seems that all cells may utilize a single bimolecular 
leaflet of lipid for the deposition of specific proteins and other substances 
in monolayers. These substances might well differ in different species and 
in different cells of one species or in different parts of a given cell and still 
conform to the same structural pattern. There is a very wide latitude for 
specific chemical variations within this type of membrane structure. It is 
only the pattern of organization which is considered to be constant. 


CONCLUSION 


The above findings should make clear the importance of nerve myelin 
in a structural sense since it seems that myelin is the key structure on 
which a general theory of the molecular structure of cell membranes and 
membranous organelles may be based. All of the findings relating to cell 
membrane structures have involved fairly high resolution electron 
microscopy of thin sections of cells and tissues. However, it must be 
noted that in no case have actual molecules been observed in cell mem- 
branes. The techniques available are not yet adequate for this. While 
resolutions in sections in general better than 4o A have been utilized and 
in a few instances better than 30 A the general level of resolution actually 
realized in the sections of cells has not approached very closely that which 
is available because really adequate specimen preparation techniques have 
not yet been devised. Nevertheless, sufficiently high resolution has been 
attained to permit inferences about molecular structure to be made. All 
the inferences depend in the last analysis on the molecular structure of 
nerve myelin as deduced by indirect biophysical and biochemical methods. 
It is perhaps not too optimistic to hope that some day new techniques 
will be developed which will make it possible to utilize more fully the 
resolution of the electron microscope on thin sections and to visualize 
directly the individual molecular layers of nerve myelin. This would be 
of very great importance and might open the way for a further unification 
of anatomy and chemistry. The availability of very high resolution 
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electron microscopes makes this goal worthy of pursuit though as has 
been shown the technical barriers are quite formidable. 
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WEIGHING CELLS WITH THE MICROSCOPE 


(Some aspects of Phase contrast and Interference microscopy) 


R. BARER 


The title of this paper may seem strange to those who are accustomed 
to weighing by means of balances, and it is natural to ask why anyone 
should wish to discard an instrument constructed solely for the purpose 
of weighing, for one which at first sight has no connexion at all with that 
process. However a simple calculation will show that the use of even a 
highly sensitive analytical balance is quite out of the question if one is 
concerned with single cells. Consider for example a single spherical 
micro-organism such as a Staphylococcus. Its diameter is of the order of 
I/t, so that its volume is about 0-5 cubic 4. Assuming a density of 1-1 and 
remembering that 1 = 1074 cm., the total wet mass of the organism is 
about 0-55 X 1071? g. As about 70 per cent of this mass is due to water, 
the dry mass is less than 0:2 x 107!” g. A really good micro-analytical 
balance will weigh down to about 10~ g. (one thousandth of a milligram), 
but even this falls short of the required sensitivity by a factor of something 
like 5000. There are of course quartz fibre micro-balances of greater 
sensitivity, but quite apart from other considerations the manipulations 
required for weighing a single living cell would be most formidable. It is 
often possible to obtain an estimate of the mass of cells by measuring the 
wet and dry weight of a cell suspension or block of tissue and counting 
the cells. This procedure is subject to many errors—it is particularly 
difficult to remove excess moisture from cells without damaging them— 
and in any case it only yields an average value for the entire cell popula- 
tion. It would obviously be more desirable to determine the mass of 
individual cells and to see how this varies among different members of 
the cell population. As we shall see later, average values without any 
knowledge of the individual variation can be very misleading. Obviously 
a method which enabled us to examine and select individual cells under a 
microscope and to weigh them without further manipulation might be 
of great value. Naturally we cannot ‘weigh’ anything in the ordinary 
sense with an optical instrument, but we can measure some optical 
property which is a known function of mass or weight. 
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Refractive Index, Concentration and Mass 


The fundamental basis of weighing with the microscope is that there 
is a close relationship between the refractile properties of a material and 
the amount of matter it contains. When light passes through a transparent 
substance it interacts with the orbital electrons of the atoms in such a way 
that the velocity of the light wave is reduced relative to that in vacuo. 
The ratio of these velocities is defined as the refractive index of the 
material. In general we can see that the greater the number of electrons, 
i.e. the greater the thickness of material and the closer its atoms are packed, 
the greater will be the effect on the light wave. Pure water has a refractive 
index of approximately 1-334 but if something is dissolved in it the 
refractive index of the solution increases because there are more atoms 
and electrons packed into roughly the same volume. Obviously we would 
expect the refractive index to rise with the concentration of the solution. 
Many careful measurements have shown that the relationship between the 
refractive index n, of the solution and the concentration C of dissolved 
substance is a linear one, expressed by 


n=n,+aC (1) 


Where 1, is the refractive index of the pure solvent (e.g. water) and & is 
a characteristic constant known as the specific refraction increment. It is 
very important to observe that the concentration C must be expressed in 
terms of weight of solute per unit volume of solution, as otherwise the 
linear relationship no longer holds. If C is expressed as grams of solute 
per 100 ml. of solution, « becomes the amount by which the refractive 
index of the solution increases for every one per cent increase in concentra- 
tion. The measurement of cell mass by microscopy became possible 
when it was realized that the relationship between concentration and 
refractive index could be applied to the complex mixture of proteins and 
other substances that make up living protoplasm (Barer & Ross, 1952; 
Barer, Ross & Tkaczyk, 1953; Barer, 1952; Davies and Wilkins, 1952; 
Davies et al., 1954). 

At first sight it seemed likely that as a varies with the chemical nature 
of the solute no constant value of a could be assigned to protoplasm. On 
closer examination however, it was found that the value of « for the most 
important protoplasmic constituents showed comparatively little varia- 
tion. By far the most important constituent from the point of view of 
mass is protein and it 1s therefore essential to know whether & is constant 
for different proteins. All the simple soluble proteins investigated so far 


I24 TOOLS OF BIOLOGICAL RESEARCH 


have values of « which do not deviate from 0:00184 by more than about 
+2 per cent. Pigmented proteins give slightly higher values and lipo- 
proteins slightly lower ones. But even so the extreme variation is only 
--5 per cent. Similar values are found for polypeptides, amino acids and 
other protein breakdown products. Thus the error in assuming a common 
value for all proteins is small. Nucleic acids and nucleoproteins also have 
values of « within the same range. Carbohydrates, on the other hand, 
have rather lower values (000143 for simple sugars and o-oo1s for 
glycogen): it is scarcely possible to speak of values for fats as these are 
insoluble in water. There is evidence that much lipid and carbohydrate 
is bound to protein in the living cell and these complexes have « values 
close to those for other proteins. When it is remembered that in most 
cells by far the highest proportion of the dry mass is provided by proteins 
it is evident that the error in assuming a mean value of o-0018 for the 
refraction increment of protoplasm is likely to be small. Detailed tables 
of a values may be found in Barer & Joseph (1954) and Davies (1958). 
If our assumptions are correct it should be possible to deduce the total 
solid concentration of a cell by measuring its refractive index, and the cell 
mass from the product of concentration and volume. It must be stressed 
that this method is non-specific and tells us nothing of the chemical nature 
of the cell solutes. It may sometimes be possible to remove certain cellular 
constituents by specific extraction methods or by enzymic digestion and 
in this way to determine the amount of various substances by difference. 
Granted that the refractive index of a cell is a measure of its solid 
concentration we are still faced with the technical problem of measuring 
the refractive index or some quantity related to it. Fortunately two 
important tools which are suitable for this purpose have been developed in 
recent years. We must now turn to a brief discussion of these instruments. 


Phase contrast Microscopy 


This method, first described by Zernike (1942) has been in general use 
for more than a decade and only a very brief account will be given here 
in order to show its close relationship to other forms of interference 
microscopy. 

The elementary theory of the method is best approached by considering 
first what happens when a light wave passes through an absorbing speci- 
men such as a stained section in a conventional microscope. In Fig. 1 let 
A represent the light wave which falls on the specimen. Since some light 
energy is absorbed the transmitted wave is reduced in height and can be 
represented by wave B. We can, however, represent wave B in a different 
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manner; it can be regarded as the result of the summation of the original 
wave A with another wave, shown dotted in the lower figure. This 
wave is not just a mathematical fiction but has a real physical existence. It 
represents the light scattered or diffracted by the object, and the final image 
can be considered as produced by the interaction or interference between 
the original wave and the diffracted wave. It is easily seen that if the dotted 
wave is added to wave A (remembering that downwards displacements 
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Figure 1. Image formation in conventional microscopy. The wave A is reduced in 
amplitude on passing through an absorbing object and emerges as wave B. B can 
be regarded as the resultant of A and a wave diffracted by the object, which is 
exactly out of phase with A. 


must be treated as negative), wave B results. Now let us consider what 
happens when wave A passes through a perfectly transparent specimen 
(Fig. 2). Since no light is absorbed the height of the wave is unaltered. If 
the specimen has a higher refractive index than its surroundings the 
transmitted wave will be slowed down by it and its arrival at a given 
point will be delayed. The transmitted wave can thus be represented by 
B in Fig. 2a. We can now once again represent the transmitted wave as 
the sum of the original wave A and a diffracted wave (Fig. 2b). It is obvious 
that in this case the diffracted wave is quite different from that in the case 
of a light absorbing object (Fig. 1). Whereas the latter is exactly out of 
phase with the original wave so that the crest of one coincides with the 
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trough of the other, this is no longer so when the object is transparent. If 
the transmitted wave is only slightly delayed relative to the original wave, 
the diffracted wave is approximately a quarter of a wave length out of 
phase with the original wave. The final image is formed as before, by the 
addition or interference of the original and diffracted waves, the resultant 
being wave B. The eye and the photographic plate are only sensitive to 
variations in light intensity. Wave B has the same height as wave A so 
that as far as the eye is concerned a transparent object would have no effect 
on light intensity and would therefore be invisible. Nevertheless such an 


object has influenced the light passing through by delaying it or altering 
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Figure 2. Image formation in phase contrast microscopy. Wave A is changed in phase 
on passing through a transparent refractile object and emerges as wave B. B can be 
regarded as the resultant of A and a diffracted wave shown in (b). The diffracted 
wave is approximately one quarter of a wavelength out of phase with A. If this 
phase difference can be increased to half a wavelength (c) the new resultant wave 
will resemble that produced by an absorbing object. 


its phase. The phase change or optical path difference introduced by an 
object depends on its thickness and refractive index. The phase change g 
can be defined by 


p= (n—nn)t (2) 


Where n is the refractive index of the object, n,, that of the surrounding 
medium and ¢ the object thickness. @ is generally expressed either as a 
length or as an angle. If t is expressed in terms of the wavelength of visible 
light (approximately 0-55”) @ will be in wavelengths. This can easily be 
converted to angular measure by remembering that in that notation one 
wavelength is equivalent to 360°. 

In a heterogeneous transparent object such as a living cell there are 
regions of different thickness and refractive index. Each such region will 
therefore introduce a phase change in a light wave passing through it. 
The basic problem is to convert these invisible phase changes into intensity 
changes; the transparent object will then appear as if it were an absorbing 
object. The solution proposed by Zernike was to separate the original and 
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the diffracted wave and to alter their relative phase before recombining 
them. We have seen that if the object produces a small phase change the 
diffracted wave is approximately one quarter of a wave-length (90°) out 
of phase with the original wave (Fig. 2b). Now suppose we could increase 
this phase difference to half a wave-length, as in Fig. 2c. The troughs of 
the diffracted wave would now coincide with the crests of the original 
wave and on recombination the new resultant wave would be indis- 
tinguishable from that obtained from an absorbing object (Fig. 1). 

The practical achievement of phase contrast depends on the ability to 
separate the original and diffracted waves. Usually these components 
travel together through the optical system of the microscope and cannot 
be distinguished. If, however, the normal substage condenser iris dia- 
phragm is replaced by an aperture of easily recognizable shape, such as an 
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Figure 3. Diagram of a typical phase contrast system. For explanation see text. 









annulus, in the absence of an object an image of this aperture will be 
formed at the back focal plane of the objective, where it can be seen on 
removing the eyepiece. This image can be considered to be formed by the 
original or ‘direct’ wave. If a specimen is now introduced, in addition to 
the image of the annulus, some light is diffused over the whole of the 
back lens of the objective. This is in fact the light diffracted by the object, 
and by means of the annular substage aperture it has become possible to 
effect the almost complete separation of direct and diffracted light, except 
for a small area of overlap over the image of the annulus. In Fig. 3, C 
represents the substage condenser and D the substage annular aperture. 
An image of this is formed at P, the rear focal plane of the objective O. 
At P there is inserted a phase plate, which may be a glass disc containing an 
annular groove or elevation which coincides exactly with the image : i 
An annular groove is shown in the diagram; in this case the direct ight 
which passes through the groove has less glass to traverse than has the 
diffracted light (the bulk of which passes outside the narrow groove). A 
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phase difference is thus introduced between the direct and diffracted light. 
The amount of this phase difference is fixed by the depth of the groove 
and the refractive index of the glass; it is generally about one quarter of 
a wave-length, which, as we have seen, should give optimal results for 
objects which introduce small phase changes (Fig. 2). 


Interference Microscopy 


The phase contrast microscope has proved to be of the utmost value in 
biological research and is the instrument of choice for the examination of 
living cells. It suffers from certain shortcomings, some more apparent 
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Figure 4. Image formation in interference microscopy. Wave A is changed in phase 
on passing through a transparent object and emerges as wave B. Interference is 
produced between B and another wave, the characteristics of which can be altered 
at will. In the case shown the resultant wave is similar to those in figs. 1 and 2c. 


than real, which have stimulated interest in alternative methods for 
achieving similar ends. The fact that the separation between direct and 
diffracted light is never quite complete results in certain departures from 
simple theory. In the first place every object detail is surrounded by a 
halo; if the object appears dark the halo is bright, and vice versa. Second] 

the phase contrast effect is most pronounced at edges and sharp diseat 
tinuities but falls off towards the centre of large uniform objects. The 
result is that the simple predictable relationship between light intensi 

and phase change is obscured and the method is unsuitable for oe 


quantitative measurements of g. It can however be used for the measure 
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ment of refractive index, as will be shown below. The halo effect can be 
reduced or eliminated in some forms of interference microscopes, which 
are thus suitable for quantitative work. It is a mistake to imagine that the 
absence of the halo is necessarily an advantage for purely observational 
work, as many biologists are discovering to their cost. The interference 
contrast image is often remarkably ‘flat’ and lacking in internal contrast 
as compared with an ordinary phase contrast image. However, for certain 
types of quantitative work there is no substitute for the interference 
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Figure 5. Diagram of an ‘ideal’ interference microscope. The light from the source I 
is divided into two beams by the semi-reflecting mirror S,. Each beam is reflected by 
the mirrors M, or M, and passes through a microscope. One microscope contains the 
object O, the other a blank comparison slide C. The beams are recombined by a 
semi-reflecting mirror S,, and the interference image is viewed at E. 


microscope and it is this aspect with which we are mainly concerned here. 

The basic theory may be illustrated by reference to Fig. 4. As in Fig. 2. 
A represents the incident wave and B the wave transmitted by a trans- 
parent refractile object. B can still be regarded as composed of the original 
wave A and a diffracted wave but this is not strictly necessary. Instead we 
put the question: can we add a wave to B so that the resultant of these 
two waves will look like wave A, but with reduced amplitude: The 
dotted wave in Fig. 4 is such a wave, and when added to B the resultant 
wave is indistinguishable from those in Fig. ta and 2c. In other words we 
can make a transparent object appear like an absorbing one by adding a 
suitable wave, instead of, as in phase contrast, by altering the phase 
relationship between the direct and diffracted waves. Mathematically 
these procedures are exactly equivalent, but their practical attainment is 
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different. Light waves will only add algebraically—so that a downwards 
displacement in one will cancel out an upward displacement in the other 
—aunder certain very limited conditions. We can only obtain algebraic 
addition, or interference, as it is usually called, if the two waves originate 
from the same source, have exactly the same wave-length, and usually 
only if they travel along closely similar optical paths. In practice therefore 
an interference system usually works by splitting a beam of light from a 
single source into two separate beams, which after travelling along 
different paths are finally recombined so that they can interfere. Fig. § is 
a diagram of a theoretically perfect interference microscope system. The 
semi-reflecting mirror S, splits the beam of light from the source I and 
Lens L, into two beams. These are reflected by the mirrors M, and Mg 
and pass through two identical microscope systems containing both 
condensers and objectives. The object O is placed in one microscope and 
a clear comparison slide C in the other. The two images are recombined 
by the semi-reflecting mirror S, and viewed through an eyepiece E. The 
comparison or reference beam which passes through C is quite independ- 
ent of the object beam through O, so that its intensity and phase could 
be varied at will by the introduction of suitable filters and transparent 
plates of different thickness. It would be possible in principle to make 
the interfering wave have any desired amplitude and phase; the appear- 
ance of the image will of course vary with the characteristics of the 
interfering wave. In Fig. 4 the interfering wave was chosen in order 
to make the resultant wave appear similar to that in Fig. 2. If however we 
made the interfering wave equal in amplitude to wave A and exactly out 
of phase with it, the background light would be eliminated and only the 
diffracted wave would remain. The object would then be seen by virtue 
of the light it diffracts, against a dark background; in other words we 
should have dark ground illumination. Again, if we made the interfering 
wave equal and opposite to the transmitted wave B, the resultant would 
be zero so that the object would appear perfectly black. The background 
wave would not be eliminated however, so that the object would appear 
dark against a lighter background. This gives us one possible method of 
measuring g. The phase change introduced by the object is the separation 
between wave A and B. We can thus first adjust our interfering wave to 
eliminate wave A, making the background as dark as possible. We then 
alter the phase of the interfering wave until the object appears as dark as 
possible. The amount by which the phase has to be altered is equal to 9. 
An ideal interference microscope would thus contain calibrated controls 
for varying both the amplitude and phase of the interfering wave and 
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would give us perfect flexibility with regard to image contrast and also 
enable us to make quantitative determinations of ¢. 

The system shown in Fig. 5 would be expensive, difficult to make and 
complicated to adjust. Designers have therefore attempted to construct 
interference microscopes in which both the object beam and the com- 
parison beam pass through a single objective. At present there are two 
well-tried instruments in commercial production and a brief description 
of these will now be given. 





Figure 6. Diagram of the Dyson microscope. Interference is produced between two 
beams, one of which has passed through the object O, the other through a clear area 
surrounding the object. For details see text. 


The Dyson Microscope is manufactured by Cooke, Troughton & Simms 
Ltd of York. It is shown diagrammatically in Fig. 6. The object slide S$ is 
sandwiched by oil immersion between two glass plates P,, Py. Both sur- 
faces of P, and the upper surface of P, are partially metallized (semi- 
reflecting). A hemispherical glass block B is cemented to Py. The curved 
surface of B is silvered except for a small region around I on the optical 
axis. A ray, a, from the condenser (not shown) is split into two rays, b and 
c, at the upper surface of P,. Ray b passes through the object O, and 
after several reflections as shown in the diagram, arrives at I. Ray c is 
reflected at a silvered spot R on the lower surface of P, and also eventually 
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arrives at I. Thus ray b is the object beam and ray c, which passes lateral 
to the object (provided that the latter is not too large) is the comparison 
or reference beam. Interference can take place at I, where an image is 
formed at unit magnification. This image is viewed and magnified through 
an ordinary objective L. The amplitude of the interfering beam cannot be 
varied in this microscope; the manufacturers make it equal to that of the 
object beam, which is the best condition for work on transparent objects. 
The relative phase of the two beams can be varied by making the plates 
P, and P, slightly wedge-shaped and moving P, in a horizontal plane by 
means of the calibrated micrometer screw Sj. 

The Baker Microscope, designed by F. H. Smith, is manufactured by 
C. Baker of Holborn Ltd. It uses quite a different method of beam- 
splitting, namely a birefringent crystalline plate. As is well known, many 
crystals exhibit double refraction or birefringence. A single ray of light 
entering such a crystal is split into two rays known as the ordinary and 
extraordinary rays, each of which is plane polarized. It is evident that two 
such crystals, one for splitting the beam and the other for recombining 
the two beams, could form the basis of an interference microscope. 
Moreover the use of polarized light offers the possibility of very simple 
control of both amplitude and phase by means of polarizers and bire- 
fringent plates or compensators. Fig. 7 shows diagrammatically the 
essential parts of the Baker microscope. Identical birefringent plates P, 
and Pg are placed over the front lenses of both condenser L¢ and objective 
Lo. The condenser is illuminated by plane polarized light (from a polariz- 
ing filter). On entering Pg each ray is split into an ordinary ray o and an 
extraordinary ray e, polarized in mutually perpendicular planes. The e 
rays are focused on the object O, but the o rays are focused at S, to one 
side of the object. The dimensions of the object must not exceed the 
distance O S. A birefringent half-wave plate (not shown in the diagram) 
is placed above P,; this rotates the plane of polarization of the rays 
through 90° so that from the point of view of the plate Pg o becomes an 
extraordinary ray e’, and e an ordinary ray 0’. The two rays are then 
recombined in Po and if another polarizing filter is placed above the 
objective, interference can occur. Phase variation between the two beams 
can be obtained by placing suitable birefringent compensators between 
the objective and upper polarizer. The type actually used is a quarter- 
wave plate. The mode of action of this is complex and can be found in 
text books on polarized light, but the details need not concern us here 
because almost any type of birefringent compensator can be used. The 
essential point is that the system enables interference to occur between 
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two sets of rays, one of which passes through the object and the other 
through a clear reference area to one side of it. The relative phase of the 
two beams can be varied by a suitable compensator and the relative 
amplitude by rotating the polarizer underneath the condenser. As a rule 
this is set to make the two beams equal in amplitude. 





Figure 7. Diagram showing the principle of the Baker interference microscope. A 
beam of plane polarized light enters the condenser and is split into two beams o and 
e by the birefringent plate Pe. One beam passes through the object O, the other 
lateral to it. The beams are recombined by another birefringent plate Po. 


The principles underlying the measurement of phase changes are the 
same for all interference microscopes. One method has already been 
outlined in the theoretical discussion. For details of other methods and 
for more complete accounts of interference microscopy the reader should 
consult the works of Barer (1955, 1956), Davies (1958), Francon (1954), 
Hale (1958) and Osterberg (1955). 
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The Measurement of Concentration and Mass 


As we have seen, image contrast in both phase and interference contrast 
microscopy depends on the optical path difference or phase change g 
introduced by the object, defined by the relationship 9 = (n—n,,)t. This 
equation suggests a method whereby 1, the refractive index of the object, 
can be measured, for if we make n= n,,, p= O for all values of t and 
the image contrast will be zero. In other words the object will match the 
background and become virtually invisible. This method has the great 
advantage that it can be used with either phase or interference contrast, 
whereas ¢ itself can only be measured by interference microscopy. The 
basic principle of cell refractometry therefore, is to vary the refractive 
index of the immersion medium until those parts of the cell in contact 
with the medium disappear. The concentration of solids C can then be 
derived from equation (1), assuming a value of 0-0018 for «. 

The measurement of ¢ appears at first sight less useful since this depends 
on both n and the thickness f, which is usually extremely difficult to 
measure accurately. However if g is measured when the cell is immersed 
in water or physiological saline we can write equation (1) in the form 


n—n, = aC 


hence Cay 
if A is the projected area of the cell we can write 
pA = eAGt 


AGC. ; ; 
now ———is simply the product of solid concentration C (in g. per 100 ml.) 
and the cell volume Af, in other words the dry mass M. 
Thus ~gA= 100aM 


or M _ ‘sd = ‘d 


A 100% o18 





We see therefore that 9 is directly proportional to the dry mass per unit 
area. This analysis applies strictly speaking only to perfectly homogeneous 
objects. In the case of a cell it would be necessary to determine @ at each 
elementary area and to sum or integrate the product of g and area over 
the whole cell. This would be an extremely tedious thing to do without 
the aid of some automatic integrating device. A number of such instru- 
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ments have been constructed but they are all extremely complicated and 
suffer from many serious limitations (Caspersson et al., 1954, Davies & 
Deeley, 1956, Mitchison et al., 1956). Thus although it is comparatively 
easy to determine the dry mass per unit area of any region of a cell there 
is no simple method at present of determining the total dry mass of an 
entire cell. The full benefits of interference microscopy will not be 
apparent until this difficulty has been overcome. The dry mass per unit 
area is not a very useful quantity as it varies with the local cell thickness, 
but a knowledge of the total dry mass of the cell would be extremely 
valuable. Even so, it is obvious that the collection of statistical information 
on a large number of cells will always be a difficult and tedious matter. 
The information given by cell refractometry, on the other hand, though 
in some ways more limited, can easily be used for the study of very large 
populations of cells. This is because refractometry is essentially a null 
method which does not require that detailed absolute measurements be 
made on single cells or parts of cells. In a given cell population such as a 
suspension of red blood corpuscles or bacteria, the concentration of solids 
will be distributed statistically about a modal value. All the cells will fall 
within a certain range of concentration. Now suppose that a suspension 
of cells is made in a medium having a refractive index corresponding to 
the modal concentration; if a drop of this suspension is examined under 
the phase contrast microscope many of the cells will be almost invisible. 
Some, however, will have a higher refractive index than the modal value 
and will appear dark, while others will have a lower refractive index 
than the medium so that the phase changes they introduce will be negative. 
This will manifest itself in the phase contrast microscope by a reversal of 
contrast, so that such cells will appear bright instead of dark. 

If the statistical distribution is a symmetrical one, there will be an 
equal proportion of bright and dark cells. If another suspension is made 
in a medium having a refractive index slightly higher than the modal 
value, the proportion of dark cells will decrease and that of the bright 
cells will increase. If this process is continued and the refractive index of 
the medium gradually raised, eventually all the cells will appear bright. 
The refractive index of the medium will then correspond to the upper 
limit of the range. If the refractive index of the medium were reduced 
below that of the modal value the proportion of dark cells would increase 
until at the lower limit of the range no bright cells would be seen. In 
order to plot a statistical distribution curve one must count the relative 
number of bright and dark cells in several media of different refractive 
indices. This is a comparatively simple task since no actual measurement 
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has to be made and one is only concerned with whether the cell is bright 
or dark and not with the degree of brightness and darkness. 

The successful application of cell refractometry depends on the use of 
a suitable immersion medium. Such a medium must obviously be non- 
toxic. For convenience its refractive index should be capable of continuous 
variation up to the limits found in living cells. It must not exert a high 
osmotic pressure so that its tonicity can be adjusted to that of the cell. 
This is most important, for obviously if a cell altered in volume its solid 
concentration and refractive index would also change. Finally, the medium 
must not penetrate the cell, for it would not then be possible to obtain 
an accurate match between the cell contents and the surrounding medium. 
These requirements are best met by the use of protein media and perhaps 
the most convenient protein is bovine plasma albumin, fraction V. This 
is sold commercially as a dry powder by Armour Laboratories Ltd. Full 
details of the technique of immersion refractometry have been given by 
Barer & Joseph (1954, 1955a, 1955b). 


Applications 

The possible uses of cell refractometry and interferometry are very 
widespread and reference can only be made here to a few selected 
examples. For further reviews and references see Barer (1955, 1956) and 
Davies (1958). 

Haematology. Refractometry is particularly valuable for the study of 
red cell populations. Since about 95 per cent of the dry mass of a red cell 
is contributed by haemoglobin, refractometry becomes a method of 
haemoglobinometry applicable to single cells, so that it is now possible to 
determine the distribution of corpuscular haemoglobin concentration in a 
red cell population and to see how this varies during treatment or under 
experimental conditions. In a preliminary survey of 500 clinical cases, 
undertaken by Miss F. M. Gaffney, normal values for corpuscular haemo- 
globin concentration were established and the deviations from normal in 
a number of blood disorders were noted (Barer, 1957). The normal 
modal values fell within the limits of 30°§ to 32°5 per cent., and the 
normal extreme range was usually from 29 to 35 per cent., though values 
as low as 28 per cent and as high as 36 per cent. were found occasionally, 
In nearly all types of anaemias some widening of the range was found, as 
well as changes in numerical values. In certain conditions such as sore 
haemolytic anaemias and a number of cases of pernicious anaemia, cells 
with values considerably higher than normal were found. Cases of this 
type have been the subject of further investigation by Miss Gaffney and 
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Figure 8. Histograms showing the changes in corpuscular haemoglobin concentration 
in the red cell population of a patient undergoing treatment for pernicious anaemia 
with vitamin B,,. Note the very high values before treatment and the appearance 
later of a double population. The shaded areas represent cells containing less than 
30 per cent. haemoglobin; these are mainly reticulocytes and immature red cells. 
(F. M. Gaffney, in course of publication.) 








Fig. 8 illustrates her (unpublished) findings in a case of pernicious anaemia 
undergoing treatment. On admission (day 0) the patient was found to 
have a red cell count of only 1-4 millions per cu. mm. The modal con- 
centration, 335 per cent., was a little higher than normal, but more 
significant was the presence of cells containing concentrations higher than 
36 per cent. and indeed cells containing up to 41 per cent. haemoglobin 
were found. Treatment with vitamin B,, was started and after five days 
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cells with values below 32 per cent began to appear. By the eighth day 
there was a significant rise in reticulocytes and at the same time the 
range of the distribution curve had doubled, extending from 23 to 41 per 
cent. Independent experiments have shown that reticulocytes usually have 
lower refractive indices than mature red cells. It is reasonable to assume 
that the shaded areas of the population curves, which are composed of 
cells containing less than the equivalent of 30 per cent haemoglobin, 
represent reticulocytes and freshly produced immature red cells. After ten 
days there was an obvious decrease in the proportion of cells with high 
values and also a suggestion of the presence of two or more distinct 
population of cells, each with its own modal value. This tendency became 
obvious at eleven days, when a gap appeared in the distribution curve. 
Two separate modes were still evident at twelve and thirteen days but 
by the eighteenth day the two populations appeared to be fusing. After 
45 days the population was apparently homogeneous though the range 
was still a little wider than normal. Very few reticulocytes were present 
and the red cell count had risen to 4:6 millions per cu. mm. A similar 
technique has been used for following the changes in red cell populations 
during recovery from experimental haemolytic anaemias (Gaffney, 1957). 
Changes of this sort could not have been followed by any haematological 
method at present available. The routine clinical method for determining 
mean corpuscular haemoglobin concentration gives an average value 
without any indication of the range. To apply such a value to a double 
population as in Fig. 8 would of course be almost meaningless and 
misleading. 

The use of interference microscopy in haematology is necessarily 
restricted to problems in which relatively few cells can be used. Heedman, 
(1958) for example, followed the process of haemolysis in individual red 
cells using a total of 19 human and 8 sheep cells. It was found that after 
an abrupt onset of haemolysis there was progressive decrease in the 
velocity with which haemoglobin left the cell. 

Lagerlof et al. (1956) have carried out interferometry and microspectro- 
photometry on the same cells in order to compare the increase in total 
dry mass with the increase in haen’pigments in erythroblasts. It was found 
that the main increase in mass occurred during the earlier stages of 
development and the formation of haemoglobin was a late phenomenon. 

Microbiology. This field has been reviewed by Barer & Joseph (1958) who 
give values for the solid concentration in many species of bacteria grown 
on solid and liquid media. Refractometry has also been used for the study 
of fungal growth, and the changes in solid concentration in different parts 
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of a fungus have been followed from the earliest stages of spore germina- 
tion, through the growth of the mycelium and the development of the 
sexual and asexual reproductive phases. 

Interference microscopy has been used by Mitchison (1957, 1958) for 
following the changes in dry mass during the growth of single yeast cells. 
He used a photo-electric integrating device and found that in two different 
varieties of yeast the increase in the dry mass of a single cell was approxi- 
mately linear up to the stage of division. The solid concentration, on the 
other hand, fluctuated. Such integrated measurements on single cells are 
obviously very desirable but the experimental difficulties are considerable, 
and Mitchison’s papers should be studied for an account of these. 

It is often useful to combine the results of refractometry and inter- 
ferometry. Since g depends on the product of thickness and refractive 
index, an independent measurement of the latter enables the thickness to 
be calculated. Alternatively, one can carry out two measurements of ¢ in 
two media having different refractive indices (Barer & Dick, 1957). If 9, 
and g, are the phase changes measured in media of refractive index n, 
and tg, we obtain two simultaneous equations 9, = (n—n,)t and 9, 
= (n—n,)t. Ross & Billing (1957) have used such methods to determine 
the solid concentration of bacterial spores. These are extremely dense and 
may contain up to 114 g. per 100 ml. of solids, whereas the corresponding 
vegetative cells contain only about 30 g. per 100 ml. Ross & Deutsch 
(1957) have also investigated the shrinkage of dried bacteria prepared for 
electron microscopy. A decrease in thickness of more than s0 per cent was 
found in Lactobacillus bulgaricus. 

The osmotic behaviour of living cells. The changes in volume which occur 
in cells in response to alterations in their osmotic environment have usually 
been followed by measuring the diameters of spherical cells. No method 
has been available for studying such changes in irregularly shaped cells. 
Cell refractometry provides such a method, for if a cell changes in volume 
its solid concentration will also change; thus no matter what the shape of 
the cell one need only determine the relationship between the refractive 
index or solid concentration and the osmotic pressure of the surrounding 
medium. This method has been applied to red blood cells by Dick & 
Lowenstein (1958) and to fibroblasts by Dick (1958). On theoretical 
grounds it would be expected that the relationship between osmotic 
pressure II and cell volume V would obey approximately a law of the 
Boyle-van’t Hoff type, namely 


I(V—b) = K 
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in which b and K are constants. The total dry mass D of a cell is given by 
the product of the cell volume and solid concentration i.e. D= VC. 
D does not alter during an osmotic experiment and can be treated as a 
constant. The equation can now be written in the form 


Thus theory predicts that a straight line should be obtained if the reciprocal 
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Figure 9. Osmotic behaviour of fibroblasts studied by immersion refractometry. 
Theory predicts a linear relationship between the reciprocal of solid concentration 
C and the reciprocal of the osmotic pressure of the medium, IT (From Dick, 1958, 
by permission of the Royal Society.) 


of concentration is plotted against the reciprocal of osmotic pressure. 
Dick’s results for chick heart fibroblasts grown in tissue culture are shown 
in Fig. 9. An osmotic pressure of 330 milliosmoles, which is isotonic for 
chick cells, is taken as unity. The relationship is linear within the limits of 
experimental error. Similar results were obtained with red blood cells. 
From such curves it is possible to deduce the water content of the cell. 
The values for water content obtained by osmotic experiments are usually 
a little lower than those obtained by other methods, such as weighing, 
chemical estimation and refractometry. The reason for this discrepancy 
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can be traced, in the case of red cells, to the fact that in the high concentra- 
tion present within the cell, haemoglobin exerts a higher osmotic pressure 
than is predicted by simple theory. Such factors cannot operate in the 
case of fibroblasts but it seems likely that the presence of some degree of 
order in the submicroscopic structure of the cytoplasm may be responsible 
for anomalous osmotic behaviour. 

The combination of refractometry and interferometry has also been 
used for studying osmotic behaviour in living cells (Barer & Dick, 1957). 
When chick heart fibroblasts grown on the surface of a coverslip are 
exposed to changes in the osmotic pressure of the medium, they alter in 
thickness but not in projected area. The dry mass per unit area remains 
essentially constant, but the concentration varies. By measuring the 
concentration of solids and the cell thickness it is possible to calculate 
the amount of water which enters or leaves the cell surface in response to 
osmotic changes. Thus it was found that a change in tonicity from I to 
o°7 per cent sodium chloride resulted in the movement of a mass of water 
about three times as great as the dry mass. 

Cytochemical applications. Cell refractometry can only be applied to 
living cells; it cannot be used to determine the change in solid content 
following a specific extraction procedure. Interferometry, on the other 
hand, can be applied, with certain reservations, to non-living material 
such as tissue sections and can sometimes be used to determine the mass 
of one or more components. Stenram (1958), for example, determined 
the dry mass of rat liver nucleoli before and after digestion with ribo- 
nuclease. He found that if the rats were fed on a protein-deficient diet 
very large nucleoli were produced, but the concentration of ribonucleic 
acid (about 5 per cent of the total nucleolar mass) was not changed. There 
was thus an increase in the total nucleolar ribonucleic acid in response to 
protein deprivation. 

Ottoson et al. (1958) measured the dry mass of mast cells before and 
after treatment with a substance known to liberate histamine, heparin 
and serotonin from such cells. No significant differences were found in 
the total mass but the treatment produced a slight increase in the cell 
diameter with a consequent fall in dry mass per unit area. This illustrates 
the importance of measuring total mass rather than mass per unit area. 

Easty et al. (1956) investigated the action of ribonuclease on living 
ascites tumour cells. In many cases there was at first a stimulation of cell 
growth with a rapid increase in mass within the first hour. This was 
followed by a loss of mass and sometimes by cellular disintegration. 
Weiss (1958) studied the effect of trypsin on living sarcoma cells. He found 
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that there was a loss of about 20 per cent in total dry mass but without 
any loss of viability. The nature of the lost material could not be estab- 
lished. 

Barter et al. (1955) carried out an interesting study on alkaline phospha- 
tase activity in the kidney and duodenum by measuring the increase in 
phase change with time at sites of deposition of calcium phosphate when 
tissue sections were incubated with a suitable substrate. 


CONCLUSIONS 


Although it has been possible to mention only a few of the many 
applications of cell refractometry and interferometry it is evident that 
these techniques, used either separately or in combination, are capable of 
producing much useful and essential information, particularly when 
employed in conjunction with other cytological methods. The special 
advantages of immersion refractometry are that it can be used for studies 
on large cell populations, does not require absolute measurements and can 
be carried out with the phase contrast microscope, which is cheaper and 
simpler to handle than the interference microscope. On the other hand it 
can be used only with living cells and it requires a special immersion 
medium. Interference microscopy can be used with both living and non- 
living material and measurements can be made in almost any medium. 
Its main limitation at present is that, without complicated accessory 
apparatus, measurements can be made only at single points of a cell. The 
development of a really efficient and rapid integrating device would 
extend its usefulness enormously. Both methods are comparatively new 
and it may be some time before their full value can be assessed, but there 
is little doubt that they each have an important part to play in the future 
development of quantitative cytology. 
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ELECTROPHORESIS 
NicHortas H. MARTIN 


General Introduction 


The electrophoretic techniques using paper, starch, agar and other 
supporting media reviewed by Tiselius & Flodin (1953) and called by 
them zone electrophoresis, offer a relatively simple method of analysing 
mixtures in aqueous solution of polyvalent ions of complex structure. In 
the field of experimental surgery the opportunity these techniques offer 
for analysing mixtures of soluble proteins and protein conjugates is their 
most attractive feature, though the help they can give in the analysis of 
nucleic acid hydrolyzates (Smellie & Davidson, 1951), and carbohydrates 
(Consden & Stanier, 1952), to name only two other groups of biological 
importance, must not be overlooked. More recently the high voltage 
techniques used and developed by Michl (1951) and Kickhéfen (1956) may 
prove of very great help in the isolation and identification of peptides. 

Proteins are composed of folded chains formed from a sequence of 
amino acids joined to each other through the carboxyl of one and the 
amino of the next forming the link —CO—NH—. They have a net 
surface charge representing the sum of the residual positive and negative 
charges arising from free groups not directly involved in the internal 
linkage of the molecule. This net charge varies from one group of 
proteins to another in relation to the number and availability of these 
residual charges. 

The more fundamental principle of the Helmholtz double layer on 
which electrophoretic theory is based is not developed from an ‘organic’ 
structural concept but from electromagnetic theory. It is important to 
realize that the implication of the principle is that, at the interphase 
between materials of high molecular weight and the medium in which 
they are dissolved, a potential may be set up with a resultant demonstrable 


charge. 
The Principles of Electrophoresis 


In the simplest terms, if a current is passed through a solution of a 
mixture of proteins the components of that mixture will migrate with 
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Figure 1. (a) The three components on the starting boundary before application of 
the current. (b) The three components beginning to separate under the influence of 


the current. (c) The Schlieren picture of the three components where there is not 
complete separation of any component of the Schlieren. 


varying velocities which will depend largely on the differences in the 
character and magnitude of their free surface charge, although size and 
shape may play a part. Thus one will have a series of bands of protein of 
like charge moving slowly through the solution toward the pole of 
opposite charge. This ordered migration produces a series of moving 
boundaries. 

In the diagram two stages of the analysis of three components in a 
mixture are shown schematically. The ‘U’-shaped tube used in the moving 
boundary technique developed by Tiselius (1937) is shown straightened 


L 
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out and it has been assumed that the buffer chosen for the experiment is 
such that all three components have a net negative charge and are 
migrating, therefore, to the positive pole. | | 

In the circumstances visualized in this diagram the differences in the rate 
of migration are small enough to result in overlap of the groups of pro- 
teins. In these conditions pure samples could be obtained only by direct 
withdrawal from the fastest and the slowest moving proteins in the 
mixture. 





ALBUMIN 


6b o p X, OX 
GLOBULINS 


Figure 2. The ‘ascending’ pattern of normal serum as seen in the Schlieren picture. 


Intermediate samples would be contaminated to a greater or lesser 
extent. This is the state of affairs that normally occurs when serum 
proteins are analysed. 

The Schlieren technique of visualizing the moving boundaries and so 
identifying the components of the mixture as they separate, depends 
primarily on the changing deflection of a monochromatic beam of light as 
it passes through solutions of varying concentrations. The actual measure- 
ments recorded on the photographs are the rates of change of refraction. 
The apex of the curve representing an individual component is equivalent 
to a point of inflexion in the direct recording of changing refraction. 
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The area enclosed by the whole of the curve and the base line is related to 
the concentration of the individual component. The assumption involved 
is that refraction is related to concentration. Fig. 2 shows the electrophor- 
etic analysis of the serum proteins in health. Fig. 3 is an analysis of serum 
from a case of reticulosis comparing the ‘Classical’ with the ‘Zone’ 
techniques. 





Figure 4. A simplified scheme showing the essential feature of the horizontal apparatus. 
One half of the apparatus only is shown. B—buffer; E—Electrode in K Cl; P— 
Paper turning over a glass rod into the Buffer B; L—the lid covering the slit; 
through which material for analysis is applied to the paper. 


THE DESIGN OF APPARATUS FOR ZONE ELECTROPHORESIS 


The Tiselius apparatus, as originally designed and still used with only 
minor modifications in the larger research institutes, is too complex and 
the time consumed in completing a single analysis too long for many 
impecunious and impatient research workers. But the information it 
gives has proved so valuable to biologists that repeated attempts have 
been made to simplify and condense the original apparatus, or to produce 
an alternative technique which gives or appears to give similar results. In 
1950, almost simultaneously, Cremer & Tiselius in Sweden and Durrum 
in America published their techniques for electrophoretic analysis using 
filter paper as a supporting and stabilizing medium. 
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This technique is so simple that it has brought electrophoresis within 
the reach of any laboratory worker prepared to spend a little time and 
ingenuity on the construction of apparatus. This has resulted in a spate of 
papers developing ingenious speculations based on electrophoretic 
‘results’ but singularly few papers devoting any space to a critical con- 
sideration of the design of the apparatus used, its capacity or the nature of 
the material actually measured by the method used. It is evident that no 
amount of statistical analysis can make bad work good, nor is it easy to 
see how badly designed equipment can be expected to yield consistent 
and accurate results. 

The essential units of any apparatus are: 


1. A stable source of direct current with electrodes to transmit that 
current without disturbances. 

2. The block or strip of material called the stabilizing medium in 
which the analysis is to be carried out, and a discrete zone of that 
medium in which the solution to be analysed is placed. 

3. The buffer chambers which link the electrode to the ‘analytical 
strip’. 

The complexities arise from the need to ensure stable reproducible 
conditions in the stabilizing medium if satisfactory analysis is to be carried 
out. 

There are certain basic principles which must be satisfied in design of 
apparatus for electrophoresis whatever the ultimate use to which it is to 
be put (Fig. 4.). They are worth reiterating. First, there must be an 
adequate supply of stable direct current with proper voltage or amperage 
control whether from batteries or through a transformer. 

Tiselius, in his thesis in 1930, says ‘according to the experience of the 
author reversible electrodes are quite indispensable’. This is as true to-day 
as it was then. 

Carbon electrodes polarize readily and tend to disintegrate with use. 
Since zone electrophoresis is rarely carried out in a closed system, platinum 
is suitable for the majority of designs. Silver, silver chloride electrodes are 
satisfactory provided they are of adequate surface area. 

Secondly, there must be an adequate volume of buffer between the 
electrode chamber and the solution to be analysed, whatever the support 
medium used. This is essential to ensure that the migration of ions other 
than those being analysed does not produce significant changes of pH. 
Kunkel & Tiselius (1951) calculated that for their apparatus the minimum 
requirement was just over 300 ml. in each chamber for an analysis 
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lasting twenty-four hours. It is certainly imprudent to use smaller volumes. 
In the majority of buffers used for routine electrophoretic analysis the acid 
products of hydrolysis are lighter than the buffer; and the alkaline, with 
exception of the ammonium ion, heavier. Care must be taken in designing 
the junction of the electrode compartment and the main buffer compart- 
ment so that, as a result of layering, one does not get a disproportionate 
transfer of the acid or alkaline products. 

Thirdly, one must ensure uniform temperature and vapour saturation. 
In systems in which there is a free air-liquid junction, and these are 
common, the larger the surrounding air space the more difficult it is to 
achieve even vapour saturation. This is particularly so in some modifica- 
tions of the so-called inverted V design originally described by Durrum 
(1950). Indeed, the distribution of vapour tension over the whole length 
of the paper from the surface of the buffer to the apex of the strip can be 
so different as to produce a distillation effect and it thus becomes impossible 
to reach a steady state of equilibrium. Whilst under specifically controlled 
conditions this can be used to help separation, it effectively prevents 
accurate measurements of electrophoretic migration. 


Support Media 


In 1939 Coolidge described the use of glass wool as a support medium 
in zone electrophoresis. In the last ten years the successful use of numerous 
materials has been reported ranging from filter paper of almost every 
texture to latex foam (Mitchell & Heizenberg, 1957). 

Many of the materials used are not definable chemical entities, and 
reproducibility of analysis depends therefore on careful standardization of 
preparatory procedures. Five materials are widely used at present. They 
are, filter paper, either in the form of sheet or pulp, cellulose acetate 
(Kohn, 1958), starch grain (Kunkel & Slater, 1952), starch gel (Smithies, 
1955) and agar gel (Grabar & Williams, 1955). 

Their potential water content ranges from agar gel, 99:5 per cent, 
starch gel, 85 per cent, down to starch grain of the order of 25 per cent 
and cellulose acetate as low as 10 per cent. It might therefore be assumed 
that agar and starch gel most nearly approach the classical technique. This 
is not in fact true, the very fine lattice of the starch gel appears to produce 
a ‘sieve’ effect so that the order of separation is a function of size and 
shape of the molecule as well as of its charge. Indeed, Franglen & Gosselin 
(1958) have shown that under prescribed conditions starch gel will 
demonstrate the polymerization of structurally well defined dyes such as 
bromocresol green. 
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These observations stress the care with which one must assess the 
description of ‘new’ components separated by starch gel techniques. 

Filter paper, even of the finest grades, is not an inert material. In addition 
to the free hydroxyls which give it its hydrophilic qualities, in the process 
of bleaching it acquires some free carboxyl groups. Normally therefore it 
carries a net negative charge and the solvent will move across it in the 
direction of the current, the endosmotic flow. This effect is much more 
pronounced at low ionic strengths and with ‘dry’ supporting media. 

It is of considerable practical importance, when using discontinuous 
supporting media such as paper, cellulose foam, starch grain or agar, that 
some means should be devised of applying a known amount of the 
material to be analysed with the minimum of disturbance to the support 
medium or its environment. 

The illustration shows an apparatus developed in our laboratories in an 
attempt to satisfy some of the theoretical problems described. The 
principles and construction of the apparatus have already been described 
in detail (Franglen, Martin & Treherne, 1955). It is not suggested that 
this is better than many others that have been described. However, four 
machines based on this design with only minor modifications have been 
in use in our laboratories for more than four years, by workers of all 
grades of technical competence with the minimum of trouble. They have 
been used for the separation of haemoglobins under nitrogen and for 
separations using a variety of different support media, including agar 
starch and cellulose acetate. Though relatively complex in design, ease of 
manipulation and versatility has justified the initial trouble and expense 
of construction (Fig. 5). 


The Identification and Estimation of the Separated Products 


It is useless to separate materials if having done so there is no practical 
means of identifying them. If, in addition to identification, the relative 
amounts of each component can be estimated, so much the better. 

The commonest method of identifying the separated proteins is to 
couple them with a dye, it being assumed that all proteins present are 
capable of coupling with the dye used. This is not too dangerous an 
assumption, though there are important exceptions (Martin, 1956). Many 
workers carry the process a stage further and compute the relative 
amounts of protein present from the concentration of the dye in any 
given area. 

This makes the quite unwarranted assumption that the individual 
proteins all interact to the same extent with a given dye, or that if they 
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Figure 5. A photograph of the apparatus developed in the laboratory, to meet 
the requirements outlined in this article. 
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do not, a simple factor can be applied that will allow for the differences 
in binding. We do not believe that the matter is as simple as that (Franglen 
& Martin, 1954; Franglen, 1956). 

Recently Franglen & Gosselin (1958) have illustrated a further com- 
plexity when examining the electrophoretic behaviour of dyes of specific 
structure demonstrably pure by chromatography. Using the starch 
technique of Smithies (1955) they have demonstrated that even in low 
dilutions these dyes behave as metastable polymers under specific con- 
ditions. If we are faced with the protein coupling either with the polymer 
or the monomer, depending on the conditions of coupling and of measure- 
ment, it is questionable whether the measurement of concentration of 
single components by dye coupling techniques is as soundly based as 
many had hoped. 

There is, of course, no logical reason why electrokinetic parameters 
should coincide with biological parameters. Electrokinetic classifications 
are a convenience and when applied with discretion are a useful basis on 
which to expand knowledge. However, the clinician must not invest 
such classifications with a mystic significance. 

In the early days of exploratory electrophoresis it was noted that hyper- 
immunized horse serum had a gross excess of y globulin and that when 
that serum was absorbed with the specific polysaccharide to which the 
horse had been immunized the excess y globulin was almost entirely 
removed, indicating that the antibodies were located with the y globulins. 
From this type of experiment many workers began to assume that anti- 
bodies as a group were associated with y globulins, and even more 
dangerous, that y globulins were antibodies. 

In recent years it has become clear that a considerable amount of 
antibody activity is located in proteins with mobilities that place them 
among the / globulins and it is even possible that some antibodies may 
be associated with « globulin. 

To test how far the mobility of a protein might be altered without 
materially altering its capacity to react with a specific antibody, recently 
we prepared in rabbits an antibody to human albumin. We then acetylated 
the albumin, thus materially altering its net surface charge. On retesting 
with the specific antisera the acetylated protein still gave a satisfactory 
interaction with the specific antibody, as indicated by immuno-electro- 
phoresis (Houghton & Martin, 1958) (Fig. 6). 

From this academic exercise one can conclude that one could have a 
common immunological pattern among molecules with widely varying 
net charge. 
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Human haemoglobin, for many years regarded as a reasonably well 
defined entity, has over the last decade been shown to exist in at least ten 
forms in nature distinguishable by electrophoresis but not by simpler 
means. No doubt many more forms are about to be described but I must 
reiterate the caveat I made when discussing the analysis of simple dye 


stuffs carried out by Franglen & Gosselin. 
It should not be thought from some of these remarks that we are 


defeatist. What they are intended to show is that if electrokinetics are to 
be used widely in clinical research, they must be used intelligently. If they 
are so used, and if the experiments are soundly planned, even our apparent 
setbacks represent advances in knowledge. 
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IMAGE INTENSIFICATION IN MEDICAL 
X-RAY TECHNOLOGY 


B. ComsE£e and P. J. M. BoTpEN 


I. INTRODUCTION 


The history of X-ray technique started in 1895 when Wilhelm Conrad 
Réntgen, using a gas-filled tube of the Hittorf-Crookes type, discovered 
the existence of a hitherto unknown type of invisible electro-magnetic 
ray, which he called X-rays. 


From this time we can distinguish four periods: 


1. From Réntgen’s day up to the nineteen thirties the main 
emphasis in the development of X-ray technology was in the field 
of X-ray tubes. We may recall the introduction of the heated filament 
by Coolidge and the development of X-ray- and shockproof shields 
together with the rotating anode by Bouwers. 

2. The next ten years were devoted mainly to the design of compact 
and shockproof high voltage generators and to improved control of 
the exposure-determining factors. The feed-back on the time factor 
as provided by the phototimers of more recent years leads to almost 
perfect automation of the routine radiographic examinations. 

3. Since the last war the demand for better manoeuvrability of the 
patient laid accent on mechanical development in both stands and 
tables. 

Besides the normal stands for examination of vertical or horizontal 
patients there appeared ringstands and even stands by which the 
patient could be held in any required position. 


We may say that the first period could be characterized as the era of 
the X-ray source, the second as that of the control of X-ray quality and 
quantity and the third as that of the handling of the patient. 

In the first half century of X-ray technology, the detection of the X-rays 
did not change essentially. Réntgen discovered X-rays with the aid of 
fluorescent screens and photographic emulsions, and although there was 
quite a good deal of improvement in quality both of screens and films, 
no other means of detecting X-rays was found. 
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Recently, however, with the introduction of the image intensifier, we 
entered the fourth period, which already promises to revolutionize X-ray 
diagnosis. New means of visualizing the information carried by X-rays 
come within our technical horizon. 

We are entering this new field rather hesitatingly, as it is not our task 
merely to develop as many optical systems for the image intensifier as 
possible, but to explore, in collaboration with such of our medical 
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Figure 1. Quantum efficiency for X-ray fluoroscopy with and without image intensifier. 


advisers and radiologists as are willing to pioneer in this field, the ways in 
which this new tool of medical research might best be used. 
It is hoped here to give a survey of the present state of development. 


2. THE PRINCIPLE OF X-RAY IMAGING 


The X-ray quanta emitted from the focal spot of an X-ray tube can be 
used to traverse a certain part of the human body about which we require 
more information. These quanta are selectively absorbed in the object, 
depending on their energy and the absorbing power of the details of the 
object. The easiest way to influence this absorption phenomenon is by 
varying the X-ray tube voltage. 

After passing through the patient the X-ray beam now carries latent 
information, as the intensity distribution in the beam is in conformity 
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with the absorption pattern in the object. As X-rays are invisible, we have 
to find ways and means to translate the latent information into a visible 
form. The media commonly used are the fluoroscopic screen and the 
photographic emulsion. In the fluoroscopic screen the invisible X-ray 
quanta are partly absorbed by the crystals of the fluorescent material, 
which then emit visible light quanta. In the photographic emulsion, the 
invisible X-ray quanta are partly absorbed by the silver halogenide 
crystals, producing a latent image; after processing, the grains of free 
silver remain and a radiographic image comes into being. The efficiency 
of the normal fluoroscopic process is not very good as is shown in Fig. I. 
The ordinary fluoroscopic image has only a very low brightness level. 
Not only is the observation of such a dim image very fatiguing, but also 
the capacity of the eye for perception of detail is very limited at these 
low levels, since this takes place with the rods in the retina, which allow 
of only very limited discrimination. It is not surprising therefore that from 
the beginning of fluoroscopic methods of examination the need has 
existed for higher screen brightness. 

The way out of this problem was found by electronic means. It appeared 
to be possible to transform X-ray energy into electrons, which can be 
accelerated. When these accelerated electrons are transformed back into 
light again, a visible, intensified image is obtained. So the idea of the 
X-ray image intensifier was born. 


3. PRINCIPLE AND DESIGN OF THE IMAGE INTENSIFIER 


Fig. 2 shows the principle of what happens in the image intensifier. 

The X-rays, carrying information from the object through which they 
have passed, traverse the glass envelope of the intensifier and hit the 
first part of a spherical cathode, which consists of a fluorescent screen 
similar to that used for normal fluoroscopy. In this screen the X-ray 
quanta are converted into visible light quanta. These strike a photo- 
electric layer which is in close contact with the fluorescent screen and 
here give rise to electron emission. The number of emitted electrons is 
proportional to the brightness of the screen. 

Between the cathode and the anode the electrons are accelerated by a 
tube voltage of about 23 kV. With the aid of an electrostatic focussing 
lens system, a reduced image is formed on a small fluorescent viewin 
screen at the anode side of the intensifier. This can be viewed by a light 
optical system, or projected on a cinefilm or on the sensitive cathode of a 
television pick-up tube such as a vidicon. 

Because of the acceleration of the electrons and of the reduction of the 
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Figure 2. Principle of image intensification, 





Figure Photograph of a § in. image intensifier tube. At left the anode with high 


Vv« It ige connection. 
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Figure 4. § in. image intensifier with female part of the interchanging device (bayonet 
fitting) on the left, adjustment of the binocular system, with male part at right. 
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Figure §. 5 in. image intensifier with single mirror viewer. The mirror of this system 


is easily adjustable, which is a great convenience for the radiologist. The insert 
hotograph shows an older model without this feature. 
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Figure 6. § in. image intensifier with double mirror viewer mounted on a special 
AM BS 5 
catheterization table. 
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Figure 7. § in. image intensifier with 35 mm. cinecamera with monocular viewer. 
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Figure 9. Unit for heart-examination. In the foreground the catheterization table with 
§ in. image intensifier and single-mirror viewer (instead of this viewer the double 
viewer or a vidicon pick-up can be used). At the rear a ringstand with 11 in 


. cine- 
murror-camera underneath the table. 
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Figure 10. Close-up of same unit as shown 1n figure 9. The patient, lying 
top, is moved from the catheterization table to the ringstand fo1 further investigations 


cine angio-cardiography). 
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Figure 11. § in. image intensifier with television vidicon pick-up camera. The same 
interchanging device is used as in figures 4, 5, 6 and 7. 
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Catheterization table with 5 in. image intensifier and television camera. At 
right the television monitor. 


Figure 12. 
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Figure 13. 5 in. image intensifier with monocular system mounted on the B.V. 20, a 
special unit for surgical applications. 
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Fioure 14. Editing and projection table for 3s mm. cine-film. The image can be 


viewed either on a viewing box in transmitted light (above) o1 projected on a 


creen (below ). 





IMAGE INTENSIFICATION IN MEDICAL X-RAY TECHNOLOGY ES7 


image size in the intensifier, a brightness intensification of about 1000 
times can be obtained for the 5 in. image intensifier. The result is that the 
original X-ray quanta are much more effectively used as is shown in 
Fig. 1. Fig. 3 is a photograph of a 5 in. image intensifier. 

The gain achieved by the introduction of the image intensifier can be 
used in various ways: 


(a) For fluoroscopy it can be used partly to permit a reduction of 
the incident X-ray intensity, which leads to a considerable reduction 
of the X-ray dose to the patient; partly to obtain a higher brightness 
level at the viewing screen, which enables the radiologist to work in 
lighted rooms, which of course is very important during surgical 
operations. 

(b) For cineradiography the gain in brightness is fully employed 
for dose-reduction. It becomes possible to make cine-films with up 
to 50 frames per second at an acceptable dose-rate. 

(c) For telefluoroscopy as obtained by the combination of an image 
intensifier and a television link with vidicon pick-up tube, the gain 
in brightness is again fully used for dose reduction. 


4. SOME APPLICATIONS OF IMAGE INTENSIFIER SYSTEMS 


A survey of some of the image intensifier systems must now be con- 
sidered and it goes without saying that the purpose for which they are 
used determines which system will be chosen. To enable the radiologist 
to change quickly from one optical system to another, we have introduced 
an interchanging device which affords an optical adjustment for all 
systems. These can easily be fixed by the single movement of a bayonet- 
fitting (Fig. 4). 

The simplest system consists of a binocular microscope, which is mostly 
used with vertical tables (Fig. 4). It undoubtedly gives optimal fluoro- 
scopic information but only affords a very limited manoeuvrability. 

To overcome this restriction a single mirror viewer has been developed 
for use on vertical and horizontal tables and in the intermediate positions 
it is quite easy to follow the image (Fig. 5). 

During catheterization of the heart, both the radiologist and the 
cardiologist must follow the process independently and hence a double 
mirror viewer has been introduced which for the first time has enabled this 
to be achieved. It can be used in combination with a special catheterization 
table (Fig. 6). In this way a dose reduction of ten to twenty times, compared 
with conventional fluoroscopy, has been attained For cineradiography it 
appeared necessary to use various devices: 
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i r the 
(a) A 35 mm. or 16 mm. camera with monocular viewer for t 


5 in. image intensifier (Fig. 7). . . 
(b) A 35 mm. special mirrorcamera with two monocular viewers 


for the 11 in. Image Intensifier (Fig. 8). 
A combination of a ringstand for the 11 in. cinecamera and the catheter- 
ization-table fulfills all requirements for a complete heart-examination 


(Figs. 9, 10). 





Figure 8. 11 in. image intensifier combined with 35 mm. cine-mirror camera, 
monocular viewing system and photo-pick-up element. Diagram of visible rays. 


For catheterization and examinations above and below the diaphragm 
a telefluoroscopic unit was produced consisting of the 5 in. Image In- 
tensifier and closed circuit television link with vidicon-pick-up camera 
(Figs. 11 and 12). Here for the first time radiological examinations can 
be performed in full daylight, which greatly improves the contact 
between radiologist and patient and is much less fatiguing. The radiologist 
has more freedom in choosing his position in relation to the patient than 
with any other system. It further enables the whole medical team to 
follow the radiological procedure in detail. 

For surgery it appeared to be necessary to develop a very special 
combination (the ‘Miiller’ B.V. 20) consisting of a C-shaped stand holding 
an X-ray tank unit and a monocular viewing system. This unit is very 
manoeuvrable as is shown in Fig. 13. 

For 16 mm. cineradiographic films, normal projectors can be used 
provided they afford a film transport both in forward and reversed 


direction. For the 35 mm. film a special editing and projection table has 
been designed (Fig. 14). 
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§. CONCLUSION 


Summarizing, one can say that the introduction of the image intensifier 
has opened the way to unexpected and hitherto impossible diagnostic 
techniques. As we are only at the beginning of the development of these, 
both from a technical and medical point of view, we expect that the years 
to come will show further revolutionary developments in X-ray diagnosis, 
not only for normal diagnostic examinations, but also for X-ray control 
during surgical operations. 
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MASS SPECTROMETRY 


P. HuGH-JONES 


Mass spectrometry has no rival as a method of automatic gas analysis 
for those who desire versatility, rapidity of response, and simultaneous 
analysis of many constituents in a small sample of a gas mixture. These 
are, in fact, the demands for many physiological and clinical procedures. 

Mass spectrometers analyse a mixture of gases by separation of the 
molecules of each individual gas according to their mass. The molecules 
are first electrically charged by ionization, accelerated by an electric field 
into a narrow beam, and then passed through a magnetic field which 
deflects their path by an amount depending on the accelerating voltage 
and on their charge and mass; the lighter the molecules the greater their 
magnetic displacement. But, before describing this process in more detail, 
let us examine why medicine should ever present these stringent require- 
ments for gas-analysis and, therefore, need such an elaborate technique. 


_ Gas Analysis in Medicine 

Chemical methods of analysis are available for most gases of biological 
interest; and such apparatus as that designed by Haldane, by Van Slyke 
and, more recently, by Scholander have remained standard and are used 
everywhere for analysis of oxygen and carbon dioxide, whenever respira- 
tory or metabolic work is done in medicine or any other biological 
science. 

Such chemical methods are usually accurate and reliable enough for 
biological purposes, but are laborious, time-consuming and require skilled 
operation. Not only is the analysis itself tedious, but the collection of gas- 
samples is complex, compared with collecting samples of liquids or solids 
for analysis. These difficulties have led to the relative neglect of functional 
study of the lungs in clinical medicine compared with that of most other 
organs of the body. It is easy to collect urine, blood, faeces, or gastric 
contents; nurses or technicians can collect specimens and their chemical 
analysis is accepted by hospital departments of clinical chemistry. But, 
up till the last war, thoracic medicine and surgery dealt mainly with 
pathological anatomy, which could be observed by radiology, and lung 
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function was rarely assessed by any other means than clinical judgment. 

Since the war, interest in lung function has rapidly increased for a 
variety of reasons. Lung function is important in the diagnosis of changes 
associated with emphysema and those associated with lesions, such as the 
various pulmonary infiltrations, which cause disturbance in transfer of 
gas between the lung alveoli and the blood; in the assessment of medical 
and surgical treatment; in problems of compensation and placing in 
industrial medicine, and so on. But the technical difficulties of doing 
lung function tests are only now being overcome. 

The function of the lungs is to regulate the oxygen and carbon dioxide 
content of the arterial blood. Two distinct processes are involved: (1) 
ventilation of the alveoli of the lungs, for which, through movements of 
the chest wall and diaphragm, the lungs behave like bellows, and (2) 
exchange of gas between the alveoli and the blood. 

The assessment of a defect in the bellows-like action is relatively simple 
and requires no gas analysis. Tests such as the maximum breathing 
capacity, which determines the maximum ventilation available for 
exercise, and which can be performed either directly (by measurement of 
maximum voluntary ventilation over a period of time) or indirectly 
(from a single forced expiration) have already become widely used in 
medicine. More complex tests of the alterations in the mechanics of 
breathing are rapidly becoming accepted not only in research, but in 
the routine management of patients such as those, for instance, with 
respiratory paralysis. 

But the study of gas exchange, on which the gas tensions in the arterial 
blood depend, demands gas analysis and collections of expired gas samples 
or arterial blood. These studies, though most important, have been less 
well developed than those of ventilation because of the technical problems 
of providing suitable methods. However, the field has advanced con- 
siderably with the introduction of physical methods of automatic analysis, 
which have not only saved time and labour in analysis, but have permitted 
continuous analysis of expired gas so that collection is not necessary. Five 
methods are in common use (Lilly, 1950; Hemingway, 1951): 

(1) Thermal conductivity catharometers, which are non-specific but 
suitable for carbon dioxide, nitrous oxide, hydrogen or helium analysis 
in air or oxygen. 

(2) Infra-red absorption analysers which can be used specifically for 
carbon dioxide, carbon monoxide, nitrous oxide and some other gases. 

(3) Paramagnetic oxygen analysers. 

(4) Sonic analysers, mainly for carbon dioxide, and 


N 
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(s) Emission spectrophotometric analysers such as the rapid nitrogen 
analyser. 

With these physical methods, it has been possible to measure inequality 
of distribution of inspired gas within the lungs (by techniques requiring 
analysis of inert gases such as nitrogen, helium or hydrogen), to measure 
the rate of uptake of gas into the blood (mainly by using carbon mon- 
oxide), to measure the output of carbon dioxide, etc. But most of these 
physical methods of automatic gas-analysis, although quite suitable for the 
purposes indicated, have a response time which is too long, and require a 
volume flow of sample gas which is too great a proportion of the flow in 
and out of the lungs, to permit the recording of the rapid variations in gas 
concentration which occur during the breathing cycle. The spectro- 
photometric nitrogen meter, and some forms of infra-red carbon dioxide 
analysers, are notable exceptions. With them it has been possible to make 
measurements of the size of the “dead-space’ in the lungs, and of variations 
in composition of alveolar gas, from analysis of the changes in gas com- 
position that occur during a single expiration. But no such single breath 
analyses can be done by any of these physical methods for oxygen, or for 
foreign gases introduced into the lungs for purposes of investigation. 


The Potentialities of Mass Spectrometry 


It has long been realized that the versatility of a mass spectrometer 
could provide, within one instrument, practically all the facilities given 
by these five other physical methods. Moreover, if a suitable instrument 
could be designed with an adequate response time, it would allow simul- 
taneous analysis of a single breath for all physiological gases, and for many 
others introduced into the lungs for clinical or research studies. If this 
could be achieved, important advances in clinical and physiological work 
should be possible by gas-sampling and analysis not only at the mouth, 
but within different individual lobes or segments of the lungs. The latter, 
virtually impossible by other methods, would be of great interest for 
medicine, surgery, and general respiratory physiology. 

But although this biological application of mass spectrometry was 
potentially possible, the instruments available were designed for quite 
different purposes in physics, chemistry and industry, and were not 
themselves at all suited to this work. Mass spectrometers have developed 
out of findings in fundamental physics and the commercial instruments 
are complex, bulky and very expensive. Some have been modified for 
respiratory work (Hunter, Stacey & Hitchcock, 1949; Miller et al., 1950), 
and commercial instruments have been adapted, like that provided by 
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the Consolidated Engineering Company of the U.S.A., for the Graduate 
School of Medicine in Philadelphia. These, however, did not fulfil all 
the potentialities of the method for respiratory work, mainly because 
they were not specifically designed for the purpose. 

In 1952, the Medica] Research Council provided facilities for the 
design and construction of a special mass spectrometer, at the Post- 
graduate Medical School of London and Dr K. T. Fowler, a New Zealand 
physicist, was engaged for the project. He successfully produced an 
instrument to meet the specifications given by various workers concerned 
with clinical respiratory physiology. A carefully engineered model was 
made from the original prototype by Mr C. Lordan and Mr T. Neale 
in the Postgraduate School workshops and it has been in regular use for 
research and clinical work during the last two years (Fowler & Hugh- 
Jones, 1957). It is with this instrument, which is to be produced commer- 
cially by Messrs Metropolitan-Vickers Ltd in this country, that we are 
concerned. 

Before describing the instrument and the results achieved with it up 
to now, it is of interest to review, very briefly, the historical develop- 
ments in physics which led to the mass spectrometer. These produced 
results of such fundamental importance to our knowledge that it is of 
interest to view this new application of the technique in biology in 
relation to them. 


Historical Outline 
POSITIVE RAYS 


As long ago as 1886, E. Goldstein noticed, when using a low-pressure 
electrical discharge tube, that if the negative electrode (cathode) were 
perforated by a number of holes, rays passed through these holes and 
produced a glow on the far side of the cathode. The rays, first called 
‘canal rays’, were subsequently found to be streams of positively charged 
particles, and called ‘positive rays’. In a low pressure discharge tube, 
positive ions move towards the cathode; if this is perforated, some shoot 
through the opening and form a beam of ions on the far side. In 1898, 
W. Wien showed these positive rays could be deflected by a magnetic 
field, and in 1911 Sir J. J. Thomson devised a method for measuring the 
ratio of the charge (e) to the mass (m) of these ions by using simultaneous 
deflection of the positive rays by means of electric and magnetic fields 
(Fig. 1). 

The positive ions were formed in the flask into which came a slow 
leak of gas through the capillary tube near the anode, the low pressure 
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in the flask being maintained constant by adjusting the pump. The ion 
beam passed through the cathode into a very high vacuum chamber 
where it impinged on a photographic plate. Electrostatic and magnetic 
fields, acting at right angles to each other, could be applied as shown. 
When no fields were applied, the positive rays formed a central un- 
deflected spot on a photographic plate. If x is the amount of electrostatic 
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Figure 1. Diagram illustrating parabolic analysis of positive rays, which lead to mass 
spectrographs and mass spectrometers. Explanation in text [trace from light (t-1) 


and heavier (H—-H) ions; mirror image curves from reversal of magnetic field (1’-1’) 
and (1’—’)}. 


spot deflection and y the magnetic deflection in such an apparatus, it can 
be shown that y?/x = K.e/m. In other words y2/x remains constant for 
all particles with a fixed ratio of mass to charge, whatever the velocity 
of the particles. Thus if all the constituent ions in the positive ray beam 
have the same mass and charge, but move with different velocities, since 
y*/x will then be constant, the locus of the points formed by the rays 


upon the photographic plate will be a parabola with its vertex at the 
undeflected position of the particles (Fig. 18, 1-1, and L’—1’) 





. 
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Thomson first introduced hydrogen into the apparatus and by cal- 
culating the magnitude of the constant, K, in the expression y?/x = K.e/m 
(from the strengths of the magnetic and electrostatic fields), and measuring 
the deflections x and y, he was able to show that the ratio of charge to 
mass of the positively charged hydrogen ion was the same as that for 
the hydrogen ion of electrolysis. Therefore these positive ray particles 
consisted of hydrogen atoms from which an electron had been removed. 
In fact, as we now know, they were protons. 

When other gases were introduced into the apparatus, the ions of 
which had the same charge as before, but greater mass, other parabolae 
were formed; the heavier the ions the less the magnetic displacement 
(Fig. 1). If in this figure t-1 was the hydrogen parabola, then the atomic 
weight of the new gas could be measured in terms of the weight of the 
hydrogen ion, from the position of its parabola. 


ISOTOPES AND THE MASS SPECTROGRAPH 


When a sample of liquid air residue was examined in Thomson’s 
apparatus a strong neon parabola was found as expected at mass 20, but 
it was always accompanied by weaker trace corresponding to mass 22. 
This observation suggested that neon might be composed of a mixture 
of two chemically identical forms but with different atomic weights 
similar to the ‘isotopes’ which Soddy had already concluded must exist for 
certain radioactive elements. This finding led F. W. Aston, at Cambridge, 
to make a searching investigation to see whether neon, of atomic weight 
20°2, was really composed of a mixture of atoms, nine times as many 
having an atomic weight of 20 as those of atomic weight 22. In this 
search he modified Thomson’s positive ray apparatus, but used a similar 
principle in an instrument producing much greater mass dispersion. This 
was the first mass spectrograph. With the new instrument he was able 
to announce the definite existence of isotopes of neon, and in the following 
years of a number of other elements. 

With the mass spectrograph Aston established the ‘whole number rule’ 
according to which the mass of all atoms could be expressed as integral 
numbers. This suggestion had previously been made by Prout in 1815, 
who considered all elements to be built of integral multiples of hydrogen, 
but it had not been accepted because many elements such as chlorine 
(35°5) appeared to have non-integral atomic weights. Subsequently, in 
1925, by a better mass spectrograph, minute divergences of atomic mass 
from whole numbers were found, the deviation being termed the ‘mass 
defect’. Such differences were explained by the “Theory of Relativity’, 
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which showed mass and energy to be interchangeable, and they represent 
the loss of mass, in the form of energy, in amounts depending on the 
tightness of packing and hence stability of the atomic nucleus. 

Thus the mass spectrograph paved the way to many of the concepts of 
atomic physics, and instruments of great precision have been made. 


MASS SPECTROGRAPHS AND MASS SPECTROMETERS 


In all Aston’s work with the mass spectrograph, the focused ion beams 
were recorded on a photographic plate. At an early stage, Thomson had 
obtained a measure of the relative number of ions present in different 
parabolae in his apparatus by allowing the positive rays to hit a small 
metal plate; by altering the magnetic field one parabola after another was 
focused on the plate and the current carried to it by the ions was measured 
with an electroscope. A curve of this current plotted against the magnetic 
field showed a series of peaks corresponding to the different ion beams 
sweeping across the collector and their height represented the ionic 
abundance in each. 

This was the first mass spectrometer and the curves the first mass 
spectra. 

Thus the spectrograph, used for the exact determination of atomic 
mass, records the position of ion beams photographically. The spectro- 
meter measures the abundance of ions electrically in separated ion beams. 
Although the two instruments work on similar principles, subsequent 
instruments have been entirely different in construction and in their uses. 
We shall now be concerned entirely with mass spectrometers, which vary 
greatly depending on the use for which they are made. 

It is convenient to finish this introduction with a brief note on the 
modern use of mass spectrometry for physical and chemical work, 
before describing the details of the instrument we are now using in 
medicine. 


MASS SPECTROMETERS AND THEIR USES 


The design of most mass spectrometers now depends on pioneer work 
(notably by A. J. Dempster, K. T. Bainbridge, A. O. Wien, and others 
in the United States) in which it was shown that a magnetic field alone 
will sort out the constituents of a mixed beam of ions, according to their 
charge/mass ratio, if all the ions in the beam have the same velocity. 
Positive ions are formed by electron bombardment of the sample gas 
molecules, in an ‘ion source’, these are then accelerated by an electric 
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field into a narrow beam which is then passed through a magnetic field 
acting at right angles to the beam. This deflects their path, by an amount 
depending on their mass and the accelerating voltage. Ions of different 
mass are thus separated into secondary beams, which can be collected on 
suitably placed electrodes; the resulting minute electric currents are then 
amplified to operate meters and recorders. Each ion beam produces a ‘peak’ 
in the mass spectrum, the height of which is a measure of the current 
carried to the collector by the ions in a given beam and, given the correct 
conditions of operation, it is directly proportional to the partial pressure 
of that component in the gas-mixture at the source. 

Mass spectrometers have played a most important role in chemistry 
as well as physics (Barnard, 1953; Robertson, 1954). The significance of 
free radicals and other unstable intermediates in many chemical reactions 
have been investigated, one of the major difficulties being the ionization 
of neutral free radicals to allow their mass spectrometric analysis. Measure- 
ments of isotopic abundance have revealed natural variations. Analyses 
of minute quantities of gases have been possible and the instruments are 
used in industry for the detection of leaks in high vacuum systems. 
Finally there has been considerable commercial use for mass spectro- 
meter hydrocarbon analysis in the oil industry. 


Mass Spectrometry in Medical Practice and Research 


We have seen how wide the applications of mass spectrometry have 
been. But it is a highly complex and specialized technique and none of 
the available instruments was really suitable for biological work. The 
spectrometer designed by Fowler specially for this purpose will now be 
described followed by a review of the results so far achieved with it. 


A. THE RESPIRATORY MASS SPECTROMETER 
SPECIFICATIONS: 


In order to meet the requirements for clinical use and for physiological 
research, it was decided that the instrument should be able to analyse 
continuously inspired and expired gases drawn either from a mouth- 
piece or from within the bronchial tree at bronchoscopy. It should draw 
off only a very small fraction of the gas as a sample. This sample should 
not be more than about 15 ml. per minute (which would be a negligible 
fraction of the minute volume). It should be drawn through a sampling 
tube about } mm. diameter which could be inserted either into a mouth- 
piece, or into lobar or segmental bronchi, without causing significant 
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obstruction to the local gas-flow. The instrument was to record the 
variations in concentration of up to four components of a gas-mixture 
simultaneously on a direct-writing recorder. These four gases should 
include oxygen, nitrogen, carbon dioxide and some of the foreign gases 
of physiological interest. The response-time for full-scale deflection was 
to be one-tenth of a second and the instrument was to be stable and 
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Figure 3. Diagram of the mass spectrometer. 


accurate enough to measure 1 per cent changes in concentration. It was 
to be mobile enough to be moved to wards, laboratories, or operating 
theatres, or used during field survey work. 

These specifications could be achieved by dispensing with the high 
sensitivity and resolving power (ability to separate ions of adjacent mass) 
which is normally aimed at in physics, since the molecular mass of most 
of the gases to be separated varied by considerable amounts. Thus 
the size and weight of the spectrometer and magnet could be reduced 
On the other hand the dry ice and water-cooling, normally required for 
the vacuum systems of mass spectrometers, could not be used if the 
instrument was to be reasonably mobile and only require electricity for 


operation, so that an air-cooled oil-diffusion pump with carbon trap 
had to be substituted. 
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DESCRIPTION 


The general appearance of the instrument is shown in Fig. 2. It consists 
of three mobile cabinets: the spectrometer itself (24 x 24 x 3 ft.), the 
electronic measuring equipment (24 x 2} x 44 ft.), and finally a four- 
channel, direct-writing, ‘Sanborn’ recorder (2 X 2 X 3 ft.). 

In the spectrometer (Fig. 3) the small gas sample is drawn, at about 
15 ml. per minute, continuously down a four foot length of $-mm. 
hypodermic steel tube by a sampling pump. Most of this gas simply 
passes on into the pump, but a small fraction, about o-o1 per cent, passes 
through a molecular leak into a very low-pressure ionization chamber 
where molecules are positively charged (ionized), by electrons being 
removed from them by bombardment with a stream of electrons gener- 
ated from an electric filament. The charged molecules (ions) diffuse out 
of aslit in the wall of this ion-source and are accelerated by being attracted 
towards a plate to which a negative accelerating voltage is applied. A 
similar slit in this plate allows many of the accelerated ions to stream forth 
as a narrow beam into a magnetic field at right-angles to their course, 
so that they are deflected into a fan-like pattern of secondary beams, each 
of a given molecular mass. 

It would be possible to have several collectors distributed to catch 
these ion beams, and to record the minute electric currents produced in 
each in order to perform the simultaneous gas-analysis, but such an 
arrangement would mean a massive instrument. Instead, only a small 
magnet is used so that many beams hit its walls and only one beam is 
focused on a single collector cup, as shown. The simultaneous analysis 
is performed by varying the accelerating voltage, which moves the whole 
fan of beams one after the other across the cup. This accelerating voltage 
changes repeatedly from a maximum to a minimum 25 times a second, 
so scanning all the ion beams across the one collector cup. The collector 
current therefore rises to a series of peak values, which measures the 
abundance of ions in each beam in turn, and falls to zero between them. 

The pulses of current brought to the collector, as the array of ion beams 
swings across it 25 times per second, are amplified and displayed on a 
cathode-ray oscilloscope running synchronously with the scanning 
accelerating voltage in the spectrometer. The resulting display is an 
apparently stationary mass spectrum (Fig. 4). The horizontal position of 
a peak identifies the molecular mass of a gas in the sample and the peak 
height is proportional to the partial pressure of that gas. Thus, when air 
is drawn down the sample tube the nitrogen (mass 28) is represented by 
a tall peak on the left, then the oxygen (32), then argon (39) and finally 
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carbon dioxide (44) on the right. If one exhales over the end of the 
sampling tube the height of the oxygen peak falls and that of the carbon 
dioxide peak rises immediately the expired gas from the lungs enters 
the instrument. 

The changes in height of any peak can be automatically reproduced on 
a multi-channel direct-writing recorder to give a continuous trace of the 
variations of partial-pressure of a gas against time. The selection of a peak 
or peaks to be recorded is made by simply turning knobs in the control 
cabinet (Fig. 2). Then four bright spots (Fig. 4) on the oscilloscope trace 





N2 O, A CO, 


Figure 4. Drawing of mass spectrum as seen on the oscilloscope screen with the 
instrument sampling expired air. (Peaks for nitrogen, oxygen, argon and carbon 
dioxide = Ng, O,, A and CO, respectively; light spots for ‘tuning’ pen-recorder 
to follow variations in height of any peak = S,, Sp, S3, S,.) 


can be moved along its baseline by the appropriate control knob and 
made to climb the peaks. When a spot is tuned to the apex of a peak, the 
respective monitoring meter and the corresponding pen of the recorder 
then follow the variations in height of that peak. For example, to record 
the oxygen concentration, the operator simply ‘tunes’ a spot to the peak 
corresponding with mass 32 and one pen of the recorder continuously 
registers the changes in oxygen partial-pressure. Any of the four pens of 
the recorder can be used to follow any four gases analysed by the 
instrument. 

The instrument can potentially record any simple, stable gas between 
molecular weight 18 (water vapour) and 80 (krypton). It is normally 
used for oxygen, nitrogen, argon and carbon dioxide with a probable 
usage for water vapour, nitrous oxide, neon, and possibly carbon mon- 
oxide in the future. Unfortunately, carbon monoxide and nitrogen have 
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the same mass (28), similarly nitrous oxide and carbon dioxide (44); thus 
they are not distinguished. Fortunately, nitrous oxide is partially split 
to nitric oxide within the instrument, and by following this nitric peak 
nitrous oxide can specifically be analysed. Carbon monoxide cannot be 
distinguished from nitrogen in this instrument; only in special high 
resolution mass spectrometers is this possible. Nevertheless, by washing 
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Figure 5. Diagrams of ends of sampling tubes. A. with taper plug (P.T.) for routine 
use in a mouthpiece. B. with protective interchangeable cage. (c.) within a segmental 
bronchus (W.) [Heater wire (H.W.), hypodermic tube (H.T. and S.T.), plastic 
covering (P. and P.C.), outer rigid tube (O.T.), flexible tip (F)]. 


out the nitrogen from the lungs by previous inhalation of neon- or argon- 
oxygen mixture the advantages of the spectrometer’s small sample and 
rapid response can be used to measure carbon monoxide, though not 
easily. 


SAMPLING TUBES 


The tube for general use is about three feet of o-5 mm. diameter 
hypodermic stainless-steel tubing. This is electrically heated to prevent 
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condensation of water vapour, and covered with a protective, thermal- 
insulating, cover. The end of the tube goes into a taper plug so that it 
can be accurately sited at the centre of a gas-stream, usually in a mouth- 
piece, as a push fit (Fig. 5A). 

For sampling in lobar or segmental bronchi during bronchoscopy an 
alternative tube, four and a half feet long, is used, on the end of which 
different sizes of ‘cage’ can be screwed so that the sampling tube is sup- 
ported centrally within the lumen of the chosen orifice (Fig. 5B). The 
diameters of the cages were designed to fit different parts of the bronchial 
tree from a precision cast of the tree made in plastic (Tompsett, 1952). 
The wire to carry the heating current is replaced by wider-bore hypo- 
dermic tubing, concentric with the sampling tube itself but electrically 
insulated from it. This wider tubing makes the whole sample-tube more 
rigid for manipulation down the bronchoscope, a short flexible end being 
left, as shown in the diagram, for bending as required. The thin sampling 
tube itself projects within the cage so that obstruction even to segmental 
gas-flow is negligible. The outer hypodermic tube is covered with plastic, 
and the whole assembly can be sterilized. 


OPERATION AND PERFORMANCE DATA: 


The machine is normally left in a ‘stand-by’ condition with only the 
vacuum pumps running. To put it into operation, the ionizing electron 
beam is turned on, the sample pump is started, and the electronic valves 
are warmed up. An air sample flow is then admitted and sufficient time 
allowed to elapse for the temperature and pressure conditions in the 
ionization chamber to stabilize. Our experience has been that one hour 
is sufficient time to prepare the machine for use. The various selector 
spots on the oscilloscope trace are positioned on the relevant peaks and 
the sensitivity of each channel is adjusted to give a known and convenient 
full-scale deflection, by using standard mixture of the gases to be included 
in the analysis. Stability is affected by conditions in the ionization chamber, 
which are changed slightly if widely different gas mixtures are used. An 
overall control of the sensitivity of all channels together is therefore 
provided to make any minor corrections necessary during operation, 
using room air or a known mixture as standard. 

If the gas concentration at the tip of the sampling tube is abruptly 
changed there is a constant ‘delay time’ of o-10 to o-15 second before the 
pens start to respond to the change, depending on the length and bore 
of the sampling tube in use. The pens then rise to the new level, 95 per 
cent of the movement being completed in o-10 second. It is this latter 
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‘response time’ which is important in following fast gas-concentration 
changes. The delay time which is small may usually be ignored; it simply 
means that events are recorded slightly later than they occurred. If 
precise time relationship with other events is required, the gas concen- 
tration tracing may be moved back by the required time interval. | 

The accuracy of the instrument depends on the circumstances in which 
it is used. In general, relative variations can be determined within 1 per 
cent of the full-scale deflection selected. Exact full-scale deflection is 
selected for convenience to the work in hand, and may be given by gases 
whose partial pressure is anything from 3 per cent to 100 per cent of 
the total. 

For use during bronchoscopy sessions, about six of the long sampling 
tubes are kept available. These can be interchanged for sterilization 
between cases or in the event of blockage during sampling, and the 
instrument brought back into operation within a minute. Blocked tubes 
are cleared by compressed air and resterilized for use. 


B. RESULTS 
NEW PROBLEMS UNDERTAKEN 


The instrument can clearly deal with the common gas-analyses used 
in clinical respiratory physiology, such as recording alveolar gas con- 
centrations, measuring any inequality of ventilation in the lungs by 
following the process of washing out the nitrogen in them, breath-by- 
breath, when oxygen is inhaled, and so on. Here only new problems will 
be discussed for which the special features of the spectrometer (namely the 
versatile, rapid, and simultaneous automatic analysis on a small sample gas- 
flow) have already provided a solution obtained by no other method. Some 
indication of future possibilities with the instrument will be mentioned. 

These new uses for the instrument are conveniently divided into two 
main categories: (1) single breath sampling at the lips, from which 
measurement of distribution of ventilation can be related to the distri- 
bution of blood-flow within the lungs and (2) regional sampling within 
the bronchial tree during routine diagnostic bronchoscopy in man or 
during animal experiments, which gives information about the functional 
effects of pathological changes within individual lobes or segments. 


SINGLE BREATH ANALYSIS AT THE LIPS 


Balance of ventilation and perfusion in the lungs.—In normal subjects the 
inspired air is almost evenly distributed to the different parts of the lungs. 
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But in many disease states, some parts get more ventilation than others. 
Methods for measuring the degree of ventilatory inequality, which are 
useful diagnostically, have been available for some time. 

Although ventilatory inequality obviously leads to respiratory in- 
efficiency, its real significance depends on the corresponding distribution 
of the blood in the lungs. Take an extreme case of all the ventilation 
going to one lung and none to the other; if there is no blood-flow through 
the one unventilated lung, but a normal flow through the other, the 
patient will be well and have normal arterial blood-gas tensions. He will 
simply have lost half of his large pulmonary reserve, as if he had had a 
pneumonectomy. On the other hand, if the blood is still evenly distri- 
buted, his arterial blood-oxygen tension will be profoundly reduced and 
the carbon dioxide tension correspondingly raised because of the ‘shunt’ 
of blood through the unventilated lung; if the ventilated lung is not 
perfused and vice versa, he will have no means of gas exchange at all! 
It is the sum total of such gas-blood balance or imbalance (ventilation- 
perfusion ratios) in all the different alveoli of the lung which alone 
determines the gas-tensions in the arterial blood in the absence of a 
diffusion defect. 

Hitherto there has been no simple method available for measuring the 
variation of ventilation-perfusion ratios. Riley and others (1949, 1951) 
had evolved an ingenious method of doing this, but it required accurate 
analysis of inspired and expired gas, and of arterial blood gas-tensions, 
with the patient breathing both high and low oxygen mixtures. It was 
not therefore practicable as a routine clinical procedure. With the spec- 
trometer, however, it was found possible to measure regional inequality 
of ventilation, of perfusion and of ventilation-perfusion ratios, all from the 
analysis of a single expiration (West et al., 1957. a & b). 

The procedure with the mass spectrometer is best understood if a 
modification of one of the accepted procedures for measuring ventilatory 
inequality itself'is described. This is normally done with a nitrogen-meter 
analysing a single expiration for changing nitrogen content after the 
inhalation of one breath of oxygen (Comroe & Fowler, 1951), but when 
the spectrometer is available it is better done by analysing a single expira- 
tion for an inert gas, such as argon, after the inhalation of one breath of 
an argon-air mixture. The patient sits breathing room-air through a 
mouthpiece and a low-resistance valve-box, the mass spectrometer 
sampling tube being inserted through the mouthpiece so as to sample gas 
from the centre of the stream going in and out of the mouth from a 
position close to the lips. During an expiration a tap is turned so that the 
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next breath the patient takes comes in through the valve-box but from 
suena full of argon-air mixture instead of from the room air, the 
ead-space of the valve-box being automatically flushed with mixture 


when the tap is turned. The patient then exhales deeply; nig? 
that is required of him! ales deeply; and this is all 
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Figure 6. Diagram of mass spectrometer argon tracing after a single inspiration 
containing argon-air mixture. [Dead space (D), mixed dead-space and alveolar gas 
(M), alveolar plateau (ALV)]. 


A diagram of the mass spectrometer tracing of the change of argon con- 
centration during this test is shown in Fig. 6. When inspiration takes 
place, directly after the tap is turned, the argon tension at the lips rises 
swiftly to that in the inspired argon-air mixture and remains at that level 
during the rest of the inspiration. On expiration, the same tension remains 
for a moment while gas comes out again from the upper respiratory 
dead-space (period D). The tension then falls rapidly in an S-shaped curve 
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while dead-space gas is mixed with gas which has been diluted witk 
alveolar gas (period M); finally there is a sloping plateau lasting for the 
rest of the expiration which represents alveolar gas composed of the argor 
mixture diluted with gas which was previously in the alveoli (period 
alv.). Now, the argon tension of the alveolar plateau depends on the 
ventilation of the alveoli relative to their volume; the better they are 
ventilated during the single inspiration containing argon, the higher the 
argon tension in the expired plateau. If the ventilation is uneven ir 
different regions of the lung, the alveolar plateau will have a steep slop 
downwards because the well-ventilated alveoli, which have a relatively 
high argon tension, empty before the poorly ventilated alveoli which 
have a low argon tension. If on the other hand, ventilation is equally 
distributed within the different groups of alveoli of the lungs the plateat 
will be flat. By replotting such argon concentration curves agains' 
expired volume (which is automatically recorded simultaneously on one 
channel of the direct writing recorder from electrical integration of the 
gas flow measured as it leaves the exit of the valve-box) the percentage 
change in alveolar ventilation (74), per unit of alveolar volume (V4), 
during the expiration can be calculated. 

The ventilation-perfusion ratios of the different groups of alveoli can 
be measured from the same single breath of argon-air mixture by record- 
ing the oxygen and carbon dioxide tensions simultaneously with the 
argon and expired volume on the other two channels of the direct-writing 
recorder. A complete record of this standard procedure from a patient 
is reproduced in Fig. 7. Before the tap is turned to admit the mixture 
to the valve-box, the record, on channels one and three respectively, 
shows two breaths of the rise and fall of oxygen and carbon-dioxide 
tensions. Each follows a similar pattern to that described above during 
the test breath of argon, with dead-space gas portions and an alveolar 
plateau on expiration. The oxygen falls to an alveolar level of approx- 
imately too mm. Hg, and the carbon dioxide, a virtual mirror-image 
of the oxygen, rises to an alveolar level of about 40 mm. Hg. A similar 
pattern for each gas is, of course, continued during the test breath 
of argon-air mixture. It is evident that oxygen is absorbed from, and 
carbon dioxide added to, the expired gas only in so far as ventilation 
is related to perfusion. If there is no perfusion of a ventilated alveolus, no 
oxygen will be absorbed, and the oxygen concentration it contributes to 
the expired gas will be high and almost the same as that inspired; likewise 
the carbon dioxide concentration will be very low. In other words, in| 
the absence of a diffusion defect, the ventilation-perfusion ratio deter- 
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mines the gas tensions in the expired gas in the same way as it determines 
the tensions in the arterialized blood. Just as it is possible to express the 
regional inequality of ventilation by the change in the argon plateau, so 
it is possible to express the regional variation by ventilation-perfusion 
ratios responsible for the variation in respiratory quotient, which itself is 
calculated from the oxygen and carbon dioxide plateau. Dr J. B. West, 
with the help of Miss H. MacLeish has related the ventilation-perfusion 
ratios to the respiratory quotient for given values of mixed venous blood, 
using curves derived in America by Rahn (1949) and Rahn & Fenn (1955), 
and they have shown that the change in values is insensitive to mixed 
venous blood values which can be derived accurately enough from the 
expired gas-tracings themselves. Thus the method provides a rapid single 
breath test, simple enough for routine clinical use and no arterial blood 
analysis is needed. 

From one single breath the spectrometer provides data from which the 
inequality of ventilation, inequality of ventilation-perfusion ratios and 
(from the combination of the two) the inequality of alveolar perfusion, in 
different regions of the lungs can be calculated. 

Applications of the mass spectrometer single breath test—Now that a test 
is available which simply requires one breath from the patient, it is being 
applied in an effort to understand better the functional pathology of 
different disease states. 

It has some limitations; for example it only reveals the regional in- 
equalities in so far as the better ventilated parts of the lung empty before 
those that are poorly ventilated. If all emptied synchronously, the alveolar 
argon plateau would be flat whatever the ventilatory inequality. Thus the 
test only measures the minimum inequality which must exist. However, 
this problem of a synchronous emptying of different parts of the lungs 
is itself of interest and can be investigated with the spectrometer. 

Not only can the test be applied in a wide field of adult disease, but the 
instrument can be used even in infants, since so little co-operation is 
required. In that case the measurement of approximate arterial gas tensions 
from the alveolar plateaux (which can be done without disturbing the 
infant and without the necessity for obtaining arterial blood) is, itself, 
of great interest and opens up considerable potentialities for investigation 
of paediatric problems. 

Lastly, there is the research interest of using single breath procedures 
with the spectrometer to get more direct information about the variability 
of pulmonary blood flow, not only in lung disease but in many cardiac 
states; and of measuring lung diffusing capacity and finding how variations 
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in blood-gas balance affect it, to name only two of the future possibilities 
from sampling at the lips. 


REGIONAL SAMPLING WITHIN THE BRONCHIAL TREE 


Bronchospirometry, by a double-lumen rubber catheter sealed in the 
trachea, enables the function of one lung to be compared with that of 
the other. But it is a special procedure which, unless carefully done, is 
liable to give misleading results and can be distressing for the patient. 
Moreover, apart from the use of a triple-lumen catheter by which Carlens 
(Mattson & Carlens, 1956) explored the function of the right upper 
lobe, it has not been possible to measure the function in the various 
individual lobes or segments. 

Since the spectrometer sampling tube is so minute it seemed practicable 
to do gas analysis within individual lobes or segments during ordinary 
routine diagnostic bronchoscopy. If that procedure enabled variations in 
local air-flow or blood-flow to be measured, the results could be of 
practical interest in relation to thoracic surgery, especially to such problems 
as determining the extent of a resection, or the advisability of resection 
at all. 

For this local gas-analysis, suitable sampling tubes (Fig. 5B) and modi- 
fications to a standard Negus bronchoscope had to be made so that a 
valve-box could be easily and quickly attached to a side channel in the 
proximal end of the bronchoscope. The bronchoscope is inserted, and the 
usual routine inspection of the bronchial tree is made. The sampling-tube 
with its end-cage can then be introduced into any segmental or lobar 
orifice that can be directly seen, and the bronchoscope is withdrawn into 
the trachea where it causes the minimum interference with normal 
breathing. The patient can be made to breathe through the valve-box 
in the side-channel of the bronchoscope so that a single breath test, using 
argon-air mixture, can be made with the sampling tube in a peripheral 
lobe or segment, exactly as described for sampling at the mouth. Different 
lobes or segments can be studied and then a biopsy taken, if required, 
before completing the bronchoscopy. 

Effects of local gas or blood-flow obstruction.—The problem of interpretation 
of results in man arose, and it was decided to find out what would happen 
with, for instance, a carcinoma obstructing the local air-flow, or a throm- 
bosis of the local blood flow, by non-survivor experiments in animals, so 
that the results could be used for man. 

Dogs were anaesthetized by barbiturates, a tracheal cannula inserted 
and, under positive-pressure ventilation through the cannula, the chest 
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was opened and small screw-clamps, with long wire cables attached, put 
on both the bronchus and the branch of the pulmonary artery going to 
the left lower lobe. A ‘Perspex’ whole-body respirator was then put 
around the dog, the cables taken out through gas-tight holes in the 
lid, and ventilation continued by variation of negative pressure within 
the respirator so as to simulate normal breathing. The dogs were, 
then bronchoscoped through the tracheal cannula, the spectrometer 
sampling tube inserted into the left lower lobe bronchus just proximal to 
the clamps, and the bronchoscope withdrawn into the trachea, as in 
human bronchoscopy. Care was taken to see that the experimental lobe 
was ventilating normally and had strong arterial pulsation distal to the 
screw-clamps. Either of the latter could then be tightened at will by 
rotating the cables, until either the lobar ventilation was obviously 
reduced (as seen by the lobe ventilating less and out of phase with the 
other lobes) or the artery was obstructed. Either obstruction could be 
released at any time to reproduce the original conditions. 

From a number of such experiments it was found that lobar ventilatory 
or blood-flow obstruction produced characteristic pattern changes in the 
mass spectrometer tracings and that these could be read diagnostically 
rather like reading an electrocardiograph (West & Hugh-Jones, 1959). 

An example of the effects of partially obstructing the lobar air-flow is 
shown in Fig. 8. Before obstruction, the tracing from the dog’s left lower 
lobe is similar to that shown in Fig. 7 from the mouth in man. The single 
inspiration of argon shows a flat plateau with subsequent diminishing 
expired argon concentrations as the gas is washed out of the lobe by the 
succeeding breaths of air. At the arrow (below the expired volume 
record) the bronchial clamp was tightened until the lobe was seen through 
the respirator to be ventilating less and out of phase with the other 
lobes; another single breath of argon-air mixture was then given. Four 
characteristic changes are seen (1) the end-expired carbon dioxide tension 
rises and the oxygen falls as the ventilation has been reduced relative to 
the perfusion, (ii) alveolar plateaux. of all three gases become steeper, (iii) 
the plateau of argon falls and, from the change, the degree of reduced 
ventilation can be calculated. Finally (iv) a small notch, best seen on the 
carbon dioxide trace, appears at the start of the expiratory plateau. All 
these changes, characteristic of partial air-flow obstruction in the lobe 
disappear again when the clamp is undone. 

With obstruction to the artery alone the changes shown in Fig. 9 are 
seen. The oxygen and carbon dioxide are affected in the reverse sense, 
so that the Poo, is now very low and the Po, high because there is ventila- 
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tion of the lobe, but negligible blood-flow and hence very little gas 
exchange. The argon plateau shows the ventilation has not been affected. 
A marked peak has appeared at the ends of the gas plateaux. This peak is 
actually at the beginning of inspiration, when some of the gas filling the 
upper respiratory dead-space, which was delivered to it from the rest 
of the lung during expiration and has a high carbon dioxide and low 
oxygen pressure, is inhaled into the left lower lobe past the sampling 
tube, before fresh air reaches the lobe and the oxygen rises and carbon 
dioxide falls to room-air levels. 

Finally, the effects of adding partial ventilatory obstruction to the 
pattern of arterial obstruction is shown in Fig. 10. Five breaths showing 
pure arterial obstruction are seen at the start of the spectrometer trace 
and the bronchus clamp is tightened at the arrow. Three breaths later 
there was complete bronchial obstruction, but thereafter partially ob- 
structed ventilation was achieved and, by the time of the argon inspiration, 
the pattern which is characteristic of mixed air-flow and gas-flow ob- 
struction to the lobe is seen. The argon plateau again shows the changes 
of reduced ventilation, the final peak of arterial obstruction remains, but 
a big peak at the beginning of the plateau is added giving the whole 
complex a ‘dog-eared’ appearance. This initial peak was the one we saw 
much less clearly with pure gas-flow obstruction, but it is now more 
apparent since, on account of the concurrent arterial occlusion, the alveolar 
plateau after it is lower for the carbon dioxide and higher for oxygen. 
This initial peak arises because inspiration in the obstructed lobe is delayed, 
so that there is a short period at the start of its inspiration when neighbour- 
ing lobes are expiring and gas flows from them into the obstructed lobe 
across the sampling tube. 

These three consistent and characteristic patterns are now being sought 
during bronchoscopy in man. Their finding is not only of diagnostic 
interest or of interest for patient assessment, but of significance in relation 
to modern views about the adjustment of local pulmonary blood-flow 
in relation to changes in ventilation. 

The ‘peaks’ on the pattern of mixed obstruction give evidence about 
the exact time of gas-flow reversal and some of the mechanical properties 
of obstructed lobes can be deduced from them. With this information, 
the ventilation from the argon tracing, and the ventilation-perfusion 
ratio from the oxygen and carbon dioxide tracings, assessment of damage 
to local segments or lobes should be possible in future as a guide to the 
effects of surgery. 

Gas streaming within the bronchial tree.—It is important to know how the 
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Figure 2. Photograph of mass spectrometer for respiratory work. [Spectrometer (M.S.); 
electronic measuring equipment (E), four-channel direct-writing recorder (R). 
Entrance point for sampling tube (S.T.), oscilloscope display screen (O)]. 
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Figure 7. Mass spectrometer 4-channel tracing for measuring inequality of ventilation, 
perfusion and ventilation-perfusion ratios, from a single breath (insp = point of 
inhalation of argon-air mixture. C = puff of gas automatically clearing valve- 
box dead-space during previous expiration). 
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Figure 8. Effect of partial obstruction to air flow of left lower lobe of dog on gas- 
concentration patterns, with mass-spectrometer sampling tube in left lower lobe 
bronchus proximal to obstruction (obstruction started at arrow shown below 


expired volume tracing). 
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Figure 9. Effect of arterial obstruction on patterns from left lower lobe of dog. 
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Figure 11. Streaming of simulated gas-flow from left lateral basal segment in replica 
of bronchial tree. 
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Figure 12. Mass spectrometer sampling tube in left upper lobe bronchus with stream 
of argon passed into lateral basal segment of the left lower lobe, during routine 
clinical bronchoscopy. 
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gas from various parts of the lung is distributed within the upper bronchial 
tree in order to interpret results obtained from sampling in different’ 
places, and the mass spectrometer has provided direct evidence about this. 

Since Rohrer’s classical account (1915) of the patterns of gas-flow in 
the tree, there have been a number of studies of the subject, but most of 
the work has been theoretical because of the lack of facilities for practical 
confirmation. 

By making an exact hollow-cast of the tree, the patterns of gas-flow 
within it were studied by observing the flow of dye in water, which can 
simulate gas-flow if the flow-rate for the water is made one-thirteenth 
of that for air. This was then confirmed by mass spectrometer sampling 
using different gases injected into the different segmental bronchi (West 
& Hugh-Jones, 1959b). 

Such studies with the model showed that flow is completely laminar 
throughout the tree at low expiratory flow-rates (up to 10 litres per 
minute), but turbulent proximal to the segmental bronchi at high rates (up 
to 80 litres per minute). Nevertheless, even when turbulent there were 
streams so that a catheter sample in the lobar or main bronchi would not 
necessarily represent the alveolar gas in the corresponding lobe or lung 
unless it were homogeneous in all areas distal to the sampling tube. These 
studies have been confirmed in animal experiments, and at human 
bronchoscopy, by injecting a foreign inert gas, such as argon, into one 
of the peripheral segmental bronchi down a very fine catheter (less than 
os mm. o.d.), and picking up the argon stream by the mass spectro- 
meter in different positions in the trachea and main bronchi during 
expiration. 

An example of a stream at a fairly rapid flow-rate is most easily shown 
from the model (Fig. 11). It will be seen that dye injected into the lateral 
basal segment of the left lower lobe maintains a fairly well-defined stream 
into the trachea and that, on passing the left upper lobe, it curves in and 
out of that lobar bronchus to a small extent. 

An interesting confirmation of the problem of gas streaming was seen 
at human bronchoscopy. The patient was bronchoscoped because it was 
thought that she might have inhaled a foreign body, but this proved 
not to have been the case and she had a normal tree. Just before the 
bronchoscope was withdrawn, a stream of argon was passed into the 
lateral basal segment of the left lower lobe and the mass spectrometer 
sampling tube put about 2 cm. within the left upper lobe to see if argon 
penetration occurred there, as in the model. The record (Fig. 12) showed 
well-defined pulsations on the oxygen and carbon dioxide tracings, 


182 TOOLS OF BIOLOGICAL RESEARCH 


synchronous with the heart beat, which are often seen. The argon trace 
simply recorded the approximate concentration of argon in air during 
the beginning of each expiration, but towards the end high peaks of 
argon occurred within the left upper lobe. These peaks were also related 
to the heart beat. It appears that as the general gas stream slows during 
a quiet expiration the streams in the main bronchi from the peripheral 
segments are unstable, and the mechanical pulsation of the heart and great 
vessels knocks ‘puffs’ of gas from the left lower into the left upper lobe. 

It might well be thought that this work on gas-streaming would 
vitiate some of the practical applications of the work previously de- 
scribed on lobar and segmental sampling. However, disease in the lung 
tends to affect a broncho-pulmonary segment so that sampling at seg- 
mental level collects homogeneous gas and error will therefore not arise. 
The knowledge of streaming does, none-the-less, cast doubt on other 
attempts that various workers have made to supercede bronchospiro- 
metry by sampling gas with catheters passed down a bronchoscope into 
the main bronchi. When one is fortunate to have a mass spectrometer 
available it is quite evident from the tracing that lateral variation of the 
position of its sampling tube placed in the trachea or main bronchi may 
markedly alter the sample of gas obtained. 


CONCLUSIONS 


Such recent work on the application of mass spectrometry in medicine 
has already opened a new field of study into the disturbances of function 
in the lungs and made possible studies of lobar and segmental function 
in man. What the practical use of these studies will be remains to be seen, 
but it should be clear from this account that future possibilities are great 
and that the work with this tool has only just begun in medicine. 


ACKNOWLEDGMENTS 


Fig. 1 has been modified from a figure by S. Tolanski in an Introduction 
to Atomic Physics by permission of the publishers, Messrs Longmans 
Green & Co. I am grateful to the editors of The British Medical Journal 
for permission to reproduce Figs. 2, 3, 4 and 5, and to the editor of the 


Journal of Applied Physiology for permission to reproduce Figs. 8, 9, 10, 
Ir and 12. 





MASS SPECTROMETRY 183 


REFERENCES 


Barnarb, G. P. (1953) Modern Mass Spectrometry. Institute of Physics, London. 

Comrog, J. H., Jr. & Fow1er, W. S. (1951) Lung function studies; detection of uneven 
alveolar ventilation during single breath of oxygen. Amer. J. Med., 10, 408. 

Fowter, K. T. & Hucu-Jones, P. (1957) Mass spectrometry applied to clinical practice and 
research. Brit. med. J., 1957, 1, 1205. 

Hemincway, A. (1951) Rapid methods of gas analysis for physiological investigations. 
Medical Research Council Internal Report 51/530. 

Hunter, J. A., Stacy, R. W. & Hitcucock, F. A. (1949) A mass spectrometer for continuous 
gas analysis. Rev. Sci. Instrum., 20, 333. 

Luty, J. C. (1950) Physical methods of respiratory gas analysis. Methods in medical research. 
Ed. J. H. Comroe, Jr., Chicago (Year Book Publishers), vol. 2, p. 131. 

Mattson, S. B. & Carvens, E. (1955) Lobar ventilation and oxygen uptake in man. Influence 
of body position. J. Thorac. Surg., 30, 676. 

Mirter, F. A., Hemincway, A., Nier, A. O., Knicut, R. T., Brown, E. B., Jr. & VARco, 
R. L. (1950) The development of, and certain clinical applications for, a portable mass 
spectrometer. J. Thorac. Surg., 20, 714. 

Rann, H. (1949) A concept of mean alveolar air and the ventilation—bloodflow relationships 
during pulmonary gas exchange. Amer. J. Physiol., 158, 21. 

RAuN, H. & Fenn, W. O. (1955) A graphical analysis of the respiratory gas exchange. Washington 
Amer. Physiol. Soc., 33 pp. 

Ruitey, R. L. & Cournanp, A. (1949) ‘Ideal’ alveolar air and the analysis of ventilation— 
perfusion relationships in the lungs. J. applied Physiol., 1, 825. 

Riey, R. L., Cournanp, A. & DonaLp, K. W. (1951) Analysis of factors affecting partial 
pressures of oxygen and carbon dioxide in gas and blood of lungs: Methods. J. applied 
Physiol., 4, 102. 

Rosertson, A. J. B. (1954) Mass Spectrometry. London, Methuen. 

Ronrer, F. (1915) Der Stré6mungswiderstand in den menschlichen Atemwegen und der 
Einfluss der unregelmassigen Verzweigung des Bronchialsystems auf den Atmungsverlauf 
in verschiedenen Lungenbezirken. Arch. ges. Physiol., 162, 225. 

Tompsett, D. H. (1952) A new method for the preparation of bronchopulmonary casts 
Thorax, 7, 78. 

West, J. B., Fowrer, K. T., Hucu-Jongs, P. & O’Donnett, T. V. (1957a) Measurement of 
the ventilation—perfusion ratio inequality in the lung by the analysis of a single expirate. 
Clin. Sci., 16, §29. 

West, J. B., Fow1er, K. T., Hucu-Jongs, P. & O’DonneLt, T. V. (1957b) The measurement 
of the inequality of ventilation and of perfusion in the lung by the analysis of single 
expirates. Clin. Sci., 16, 549. ; 

West, J. B. & Hucu-Jonss, P. (1959a) Effect of bronchial and arterial constriction on alveolar 
gas concentration in a lobe of the dog’s lung. J. app. Physiol. (in the press). ; 

West, J. B. & Hucu-Jonss, P. (1959b) Patterns of gas flow in the upper bronchial tree 
J. app. Physiol. (in the press). 


- a ie : 
a 7 . "7 GOAL rf, 
| a“ \y se <= 4 . a ti; , 
\\ - 4/ 
iy 7 S 
sa / . ai 
I , 2 ¥ o 
f } he 
{ — ey 
\. #& AY Z 
" yY aS i 
4 y hoes fo 
. 7 t& ht oF 














a PS ibe 
hte > 
“TB 
oy 
25% C. F. T. R. L LIBRARY, MYSORE. 
Acc. No. 5//6 


Please return this publication on or before the 
last DUE DATE stamped below to avoid incurring 
overdue charges. 


es Gall No. yp Gis {ESR Eq 
ae | 4a a ae 








Due 
Date 


Return 
Date 


Return 
Date 


Return 


Due Due 
Date Date Date 














17 [10/67 if 
Afb \\t|4 
925-2-7) 2an2itas 
13.3. Ul3-3.9/ 
21/1 SPF Iss 
| 9.89 |ae-¥. 
2.1-3°40 Le)3 





‘ 


CFTRI-MYSOR 


1 iN 


9116 


Tools of biolog) 



































ee meth 





i cs * haa 
£ 4 ‘ ed +r, -T 
4 








